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Ξʔϊϧυͷಈ࠲ඪܥͷهड़ [29]ͷΑ͏ͳҎԼͷදهΛ࢖༻͢Δʢਤ 2.1ɼਤ 2.2ʣɽ
R3 ͸ 3 ͷ࣮ϕΫτϧۭؒΛද͠ɼ଒ݩ࣍ V " R3 ͸ฏߦҠಈͷ଒ͱͯ͠ΞϑΟϯۭؒ A3 ༺࡞ʹ
͢Δ:
a# a + v, a $ A3, v $ V , a + v $ A3. (2.1)
Oc + span{E1, E2, E3}, Oc + span{e1, e2, e3},ͦͯ͠ O + span{e1, e2, e3} [30]͸ͦΕͧΕɼಈ࠲ඪܥ (ಈ
ܥ࣠ [31]),ϩʔΧϧ࠲ඪܥ (ϩʔΧϧܥ࣠ [31]),ͦͯ͠੩࠲ࢭඪܥ ܥ࣠ੑ׳) [31])Λද͢ɽ
w: O+ span{e1, e2, e3} [30]͸ӈखܥͷσΧϧτ੩࠲ࢭඪܥͷجఈϕΫτϧͰ͋Γݪ఺͸ OͰ͋ΔɽW:
Oc + span{E1, E2, E3} (or Oc + span{e1, e2, e3}) [30]͸࣭ྔத৺ Oc Ͱ߶ମʹݻఆ͞ΕͨӈखܥͷσΧϧ
τಈʢ·ͨ͸ɼϩʔΧϧʣ࠲ඪܥͷجఈϕΫτϧͰ͋Δɽ
ఆٛ 1 wɼW Λ͚͖ͮ޲ΒΕͨ ݩ࣍3 Euclidۭؒͱ͢Δɽwʹؔ͢Δ W ͷӡಈͱ͸ɼΞϑΟϯม
׵ ([33], pp. 125–128)




ఆٛ 2 ӡಈ T(t)͕ճసͰ͋Δͱ͸ɼT(t)͕ W ͷݪ఺Λ wͷݪ఺΁Ҡ͢ͱ͖ɼͭ·Γ T(t)͕ઢࣸܗ
૾Ͱ͋Δͱ͖Λ͍͏ɽ
ఆཧʢ[29], p. 124ʣ શͯͷӡಈ T(t)͸ճస B(t)ͱฒਐ C(t)ͷ߹੒ͱͯ͠Ұҙʹॻ͚Δ:
T(t) = C(t)B(t), (2.3)
͜͜ʹ C(t)q(t) = r(t) + q(t), (q(t), r(t) $ w).
ఆٛ 3 ӡಈ T(t)͕ฒਐͰ͋Δͱ͸ɼࣸ૾ B(t): Oc + span{E1, E2, E3}# Oc + span{e1, e2, e3}͕ؒ࣌ t
ʹґଘ͠ͳ͍͜ͱΛ͍͏ɽ͢ͳΘͪɼB(t) = B(0) = B, T(t)Q = r(t) + BQ.
ఆٛ 4 w Λ੩࠲ࢭඪܥɼW Λಈ࠲ඪܥɼq $ w Λ੩࠲ࢭඪܥʹؔ͢Δಈ఺ͷಈܘϕΫτϧͱݺͿɽ
΋͠ɼQ͕ɼ
q(t) = r(t) + B(t)Q(t) (2.4)
Ͱ͋Δͱ͖ɼQ(t)Λಈ࠲ඪܥʹؔ͢ΔಈܘϕΫτϧͱ͍͏ʢਤ 2.2ʣɽ
ҎԼʹ͓͍ͯɼr(t),·ͨ͸ !(t)ͳͲͷ͢΂ͯͷؒ࣌ύϥϝʔλ tͷม਺͸ɼศ্ٓলུ͢Δɽ
ਤ 2.2 ੩࠲ࢭඪܥ (w)ͱಈ࠲ඪܥ (W)ʹؔ͢ΔಈܘϕΫτϧ
“ઈର଎౓”q̇Λ૬ରӡಈ Qͱ࠲ඪܥͷӡಈ BͱͰද͢ɽࣜʢ2.4ʣΛؒ࣌ tͰඍ෼͢Ε͹ɼ଎౓Λ߹
੒͢Δࣜ ࣜ] (2.5)]͕ಘΒΕΔɽ
q̇ = ṙ + ḂQ + BQ̇. (2.5)
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ఆٛ 5 ਤ 2.3ͷ֯ !, ", ͦͯ͠ # (!, ", # $ R)͸ςΠτʹϒϥΠΞϯ֯ͱݺ͹ΕɼͦΕ͸ΦΠϥʔ֯
ͷͻͱͭͰ͋ΓɼҎԼͷΑ͏ʹఆٛ͢Δɽ











Ϛϧνϩʔλ͕ࣗ༝ʹϤʔͷճసʢ֯ !ͷ࣠·ΘΓͷճసʣΛ͠ଓ͚Δͱ͖ɼఆٛ 5Λຬͨ֯͢ !ͷ
มԽΛݟΔʹ͸ɼ࣍ষҎ߱ʹઆ໌͢ΔΦΠϥʔ֯ͷ֯౓ͱ֯଎౓Λঢ়ଶม਺ͱͯͭ࣋͠ঢ়ଶํఔࣜͷ
ղ !Λɼ࣍ͷϞδϡϩࢉܭʹΑͬͯม͢׵Δඞཁ͕͋Δ͜ͱʹ஫ҙ͢Δ !(t) = (!(t) + $) mod 2$ & $ɽ
ຊڀݚͰ͸ಛʹ໰୊͕ͳ͍ͨΊɼϞδϡϩࢉܭʹΑΔม׵͸লུ͍ͯ͠Δɽ
੩࠲ࢭඪݻʹܥఆ͞ΕͨجఈϕΫτϧ ei (i = 1, 2, 3) Λɼಈ࠲ඪݻʹܥఆ͞ΕͨجఈϕΫτϧ Ei
(i = 1, 2, 3)΁Ҡͨ͢Ίʹ͸ɼ࣍ͷ 3ͭͷճసΛ͏ߦʢਤ 2.3ʣɽ
1. ࣠ e3 ͷ·ΘΓͷ֯ ! ͷճసɽ͜ͷͱ͖ɼe3 ͸ಈ͔ͣɼe2 ͸ E(&2)2 ΁ҠΔʢR! ͱ͓͘ʢࣜ
ʢ2.7ʣʣʣ.












3 ͸ E3 ΁ҠΔʢR# ͱ͓͘ʢࣜ
ʢ2.9ʣʣʣɽ
͜͜ʹ E(l)i , i = 1, 2, 3, l = &1,&2͸ϩʔΧϧ࠲ඪܥ ei (i = 1, 2, 3)ͱಈ࠲ඪܥ Ei (i = 1, 2, 3)ͷؒͷਖ਼
ͱɼe1͏ߦఈΛද͢ɽ3ͭͷճసΛج௚ަن ͸ E1 ΁ɼe2 ͸ E2 ΁ɼͦͯ͠ɼe3 ͸ E3 ΁ҠΔɽ֯ !, ",
#ΛςΠτʹϒϥΠΞϯ֯ͱ͍͏ [27]ʢΦΠϥʔ֯ͷͻͱͭʣɽ
ਤ 2.3 ςΠτʹϒϥΠΞϯ֯Λఆٛ͢Δճస
ҎԼͷΑ͏ʹɼΞʔϊϧυͷهड़ [29] ͱಉ༷ʹɼςΠτʹϒϥΠΞϯ֯ͷճసΛ࡞༻ૉ B(!, ", #) $
SO(3): (!, ", #) $ R3 (span{!1, !2, !3})# R3'3, B(!, ", #): Oc + span{E1, E2, E3}# Oc + span{e1, e2, e3}
ͱͯ͠هड़͢Δɽ




cos! cos " cos! sin " sin # & sin! cos # cos! sin " cos # + sin! sin #
sin! cos " sin! sin " sin # + cos! cos # sin! sin " cos # & cos! sin #















cos " 0 sin "
0 1 0







0 cos # & sin #
0 sin # cos #
$
%%%%%%%%& . (2.9)





















QiEi $ W (or Oc + span{E1, E2, E3}), (2.11)
B(!, ", #)Q =
3'
i=1
QiB(!, ", #)Ei $ Oc + span{e1, e2, e3}, (2.12)
3'
i=1



















QiEi, B(!, ", #)Te j)e j =
3'
j=1
(Q, B(!, ", #)Te j)e j =
3'
j=1
(B(!, ", #)Q, e j)e j, (2.13)
͜͜ʹ ( · , · )͸಺ੵΛද͢ه߸Ͱ͋Δɽ
ࣜ (2.10)–(2.13) ͷΑ͏ͳ࡞༻ૉ B Λ༻͍ͨ৔߹ͷجఈϕΫτϧͷऔΓѻ͍ʹ͍ͭͯͷΑΓৄࡉͳٞ
࿦͸ [32]Λࢀর͞Ε͍ͨɽ
ҎԼʹ͓͍ͯɼ࡞༻ૉ Bͷ֯ (!, ", #)͸؆ศͷͨΊ͠͹͠͹লུ͞ΕΔɽ
2.2 ߶ମͷಈྗֶ
ܥඪ࠲ W ͸߶ମʹݻఆ͞Εͨ࠲ඪܥͳͷͰɼ߶ମͷ෦෼Λද͢ Q ͸੩͍ͯͯ͠ࢭʢ͢ͳΘͪɼ
Q̇ = 0ʣ࠲ඪܥW ͕ճస͍ͯ͠Δʢ͢ͳΘͪɼr = 0ʣɽ͜ͷ৔߹ɼqͷભҠճసͷӡಈͷ଎౓͸ࣜ࣍Ͱ
༩͑ΒΕΔɽ
q̇ = ṙ + ḂQ = ṙ + B[!,Q] = ṙ + [B!, BQ], (2.14)
͜͜ʹ [ · , · ]͸ϕΫτϧੵΛҙຯ͢Δه߸Ͱ͋Δɽ
! $ W Λ߶ମͷ֯଎౓ϕΫτϧͱ͍͏ɽ͜ͷ৔߹ !͸ࣜ࣍Ͱ༩͑ΒΕΔɽ
! = BT". (2.15)
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ϕΫτϧ " $ w͸ɼۭؒ wʹ͓͚Δॠؒճస࣠ͱ͍͍ɼࣜ࣍Ͱ༩͑ΒΕΔɽ
" = !̇e3 + "̇E(&2)2 + #̇E
(&1)
1 . (2.16)

















q̈ = r̈ + B̈Q + 2ḂQ̇ + BQ̈
= r̈ + B[!, [!,Q]] + B[!̇,Q] + 2B[!, Q̇] + BQ̈





h $ wͱ H $ W ΛɼͦΕͧΕ੩࠲ࢭඪܥͱಈ࠲ඪܥͰͷ߶ମͷ֯ӡಈྔͱ͓͘ɽ͞ΒʹɼÎΛ߶ମ
ͷੑ׳Ϟʔϝϯτͱ͓͘ͱɼ࡞༻ૉ BʹΑΓҎԼͷΑ͏ͳ͕ؔ܎੒ཱ͢Δɽ
h = Î" = BH $ w, (2.19)





h = # =
d
dt
BH = BT = ḂH + BḢ = B[!,H] + BḢ,
B(Ḣ + [!,H] & T) = Ḣ + [!,H] & T = Î!̇ + [!,H] & T = 0. (2.21)
Ұൠʹɼؔࣜ܎ʢ2.21ʣΛΦΠϥʔํఔࣜΛݺͿɽ
·ͨɼ!ͱ !̇͸ɼ۩ମతʹͦΕͧΕ࣍ͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɽ
! = (&!̇ sin " + #̇)E1 + (!̇ cos " sin # + "̇ cos #)E2 + (!̇ cos " cos # & "̇ sin #)E3, (2.22)
!̇ = (&!̈ sin " & !̇"̇ cos " + #̈)E1
+ (!̈ cos " sin # & !̇"̇ sin " sin # + !̇#̇ cos " cos # + "̈ cos # & "̇#̇ sin #)E2
+ (!̈ cos " cos # & !̇"̇ sin " cos # & !̇#̇ cos " sin # & "̈ sin # & "̇#̇ cos #)E3, (2.23)
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ʢ2.21ʣͷτϧΫࣜ #͸·ͨɼҎԼͷΑ͏ʹ༩͑ΒΕΔɽ



















ÎEk = I1k E1 + I2k E2 + I3k E3. (2.28)
ຊ࿦จ͸ɼষ 3.2Ͱఆٛ͢Δɼඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλͷΈΛѻ͏ͷͰɼੑ׳Ϟʔ











span{!1, !2, !3} Λ 3 ఈϕΫτϧجϕΫτϧۭؒͷ࣮ܥӈखݩ࣍ R3ʢ͢ͳΘͪɼ௚ަۭؒʣͱ͠ɼ
x = (!, ", #)T ͱ ẋ = (!̇, "̇, #̇)T ΛͦΕͧΕࣜ (3.1)ͱࣜ (3.2)ͷΑ͏ʹهड़͢Δɽ
x = !!1 + "!2 + #!3 = !!1 + $, (3.1)
ẋ = !̇!1 + "̇!2 + #̇!3 = !̇!1 + $̇, (3.2)
$ = "!2 + #!3, (3.3)
$̇ = "̇!2 + #̇!3. (3.4)





m(ṙ, ṙ) + 1
2
(Î!,!) & mg(r, e3), (3.5)





(B(x)Frot(u), &") = (B(x)Frot(u),"ẋ(!, ")&ẋ)
= ("ẋ(!, ")TB(x)Frot(u), &ẋ), (3.6)







m(ṙ, ṙ) + 1
2




m(ṙ, ṙ) + 1
2
(ÎB(x)T"ẋ(!, ") · ẋ, B(x)T"ẋ(!, ") · ẋ) & mg(r, e3), (3.7)
d
dt
Lẋ($, ẋ, ẍ) & Lx($, ẋ) = "ẋ(!, ")TB(x)Frot(u), (3.8)
"(!, ", ẋ) = B(x)!($, ẋ). (3.9)
·ͨɼ"(!, ", ẋ)ͱ "ẋ(!, ")͸۩ମతʹҎԼͷࣜͰ༩͑ΒΕΔɽ




0 & sin! cos " cos!
0 cos! cos " sin!
1 0 & sin "
$
%%%%%%%%& . (3.11)





(ÎBT"ẋ!k, BT"ẋ ẋ) +
1
2






(ÎḂT"ẋ!k + ÎBT"̇ẋ!k, BT"ẋ ẋ) +
1
2




(ÎḂT"ẋ ẋ + ÎBT"̇ẋ ẋ + ÎBT"ẋ ẍ, BT"ẋ!k) +
1
2
(ÎBT"ẋ ẋ, ḂT"ẋ!k + BT"̇ẋ!k)
= !Tk"
T







"ẋ ẋ + !Tk"
T
ẋ BÎBT"̇ẋ ẋ + !Tk"
T




(ÎBTxk"ẋ ẋ + ÎBT"ẋxk ẋ, BT"ẋ ẋ) +
1
2
(ÎBT"ẋ ẋ, BTxk"ẋ ẋ + BT"ẋxk ẋ)
= ẋT("Tẋ Bxk + "Tẋxk B)ÎB
T"ẋ ẋ, (3.14)
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͜͜ʹ k = 1, 2, 3ɽḂ(x, ẋ) $ R3'3 ͸ B(x)ͷؒ࣌ tʹΑΔඍ෼ɼͦ ͯ͠ "̇ẋ(!, ", !̇, "̇) $ R3'3 ͸ "ẋ(!, ")
ͷؒ࣌ tʹΑΔඍ෼Λද͢ɽྻߦͷඍ෼ͷఆٛ [35] (p. 248)Λ༻͍Δɽ·ͨɼ࡞༻ૉ BʹΑΓ "̇Tẋ B =
!Tx ͱ͍͏͕ؔࣜ܎੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (3.13)ͷ߲ !Tk "̇
T
ẋ BÎB
T"ẋ ẋͱࣜ (3.14) Lxk ͸౳͍͠ɽ
!Tk "̇
T
ẋ BÎBT"ẋ ẋ & ẋT("Tẋ Bxk + "Tẋxk B)ÎB
T"ẋ ẋ = 0, (3.15)
͜͜ʹ k = 1, 2, 3.
ͦͷ݁Ռɼ߶ମͷճసͷϕΫτϧํఔ͕࣍ࣜͷΑ͏ʹٻ·Δɽ
"Tẋ ḂÎBT"ẋ ẋ + "Tẋ BÎḂ
T
"ẋ ẋ + "Tẋ BÎBT"̇ẋ ẋ + "Tẋ BÎBT"ẋ ẍ = "Tẋ BFrot(u). (3.16)
("Tẋ)
&1 Λࣜ (3.16)ͷ྆ลʹֻ͚ɼࣜ (3.17)ͷੑ࣭͕ࣜ (3.16)ʹద༻͞ΕΔͱɼ࣍ͷΑ͏ʹࣜ (3.18)͕
ऴతʹಘΒΕΔɽ࠷
ḂT"ẋ ẋ = Ḃ
T
" = &BT ḂBT" = &BTB[!,!] = (0, 0, 0)T, (3.17)
ḂÎBT"ẋ ẋ + BÎBT"̇ẋ ẋ + BÎBT"ẋ ẍ = BFrot(u), (3.18)





΋͠ det(BÎBT"ẋ) = &I11I22I33 cos " ! 0 ͳΒ͹ɼ (3.19)
Ϛϧνϩʔλͷճసͷঢ়ଶͷಈྗֶํఔࣜ͸ΦΠϥʔ֯ͷ֯౓ͱ֯଎౓ͷঢ়ଶม਺ (x, ẋ)T $ #rot " R6











Y($, ẋ) + Z($)Frot(u)
)
, (3.20)
Z($) = (B(x)ÎB(x)T · "ẋ(!, "))&1 · B(x), (3.21)
Y($, ẋ) = &(B(x)ÎB(x)T · "ẋ(!, "))&1(Ḃ(x, ẋ)ÎB(x)T · "ẋ(!, ") + B(x)ÎB(x)T · "̇ẋ(!, ", !̇, "̇)) · ẋ, (3.22)
͜͜ʹ t $ R͸ؒ࣌Λද͢ɽx = (!, ", #)T = (!, $)T, $ = (", #)T, ẋ = (!̇, "̇, #̇)T = (!̇, $̇)T, $̇ = ("̇, #̇)T,ͦ




































= &I11I22I33 cos ". (3.25)
det(B) = det(BT) = 1, det(Î) = I11I22I33, det("ẋ) = & cos " ͔Βࣜʢ3.25ʣ͕੒Γཱͭɽ͕ͨͬͯ͠ɼ
΋͠ det(Î) ! 0ɼ" ! $/2 [rad]Ͱ͋Δͱ͖ࣜʢ3.20ʣ͕੒Γཱͭɽ୯७ͳࢉܭྻߦΛ࢖༻͢Δͱɼࣜ







Lṙ(ṙ) & Lr = B(x)Ftra(u), (3.26)
͜͜ʹɼB(x)Ftra(u)͸ҰൠԽྗʢ͍ΘΏΔਪྗʣͱݟͳ͞ΕΔɽ
͕ͨͬͯ͠ɼϚϧνϩʔλͷฒਐͷϕΫτϧํఔ͕࣍ࣜͷΑ͏ʹٻ·Δɽ






























&ge3 + 1m B(%1(t, (x0, ẋ0)T,u))Ftra(u)
)
; (3.29)
͜͜ʹɼॳظ஋ (t0, (x0, ẋ0)T) $ R ' #rot " R ' R6 ͱ u $ " Λͭ࣋ (x(t), ẋ(t))T = (%1(t, (x0, ẋ0)T,u),
%2(t, (x0, ẋ0)T,u))T = %(t, (x0, ẋ0)T,u) $ #rot" R6ɽ
ূ໌ 2 Ϛϧνϩʔλͷฒਐͷঢ়ଶํఔࣜ͸ࣜʢ3.28ʣͰ͋Δɽͦͯ͠ɼࣜʢ3.28ʣB(x)ͷΦΠϥʔ











ਤ 3.1–3.3 ͷ Fi (i = 1, 2, . . . , 2p, p = 2, 3, 4) ͱ Mi (i = 1, 2, . . . , 2p, p = 2, 3, 4) ͸ͦΕͧΕɼਨ
௚ͷྗͱϞʔϝϯτΛද͍ͯ͠ΔɽϚϧνϩʔλͷͦΕͧΕͷϞʔλ͸֯଎౓ (i Λ͓ͯͬ࣋Γɼ
Fi (i = 1, 2, . . . , 2p, p = 2, 3, 4)ͱ Mi (i = 1, 2, . . . , 2p, p = 2, 3, 4)͸ҎԼͷΑ͏ʹ [12]ͱಉ༷ʹఆٛ
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͞Ε͍ͯΔɽ͜͜ʹ 2p, p = 2, 3, 4͸ඈ࢖ʹߦΘΕΔϚϧνϩʔλͷػମʹݻఆ͞ΕͨϞʔλͷݸ਺
Λද͢ʢp = 2: ΫΞουϩʔλɼp = 3: ϔΩαϩʔλɼp = 4: ΦΫτϩʔλʣɽ
Fi = kFi(2Mi, i = 1, 2, . . . , 2p, p = 2, 3, 4, (3.30)
Mi = kMi(2Mi, i = 1, 2, . . . , 2p, p = 2, 3, 4. (3.31)
͸ɼkFʹࡍ࣮ > 0 ͱ kM > 0 ͕੩తͳεϥετݧࢼͰ؆୯ʹܾఆͰ͖Δఆ਺ͱͯ͠༩͑ΒΕΔΑ͏
ͳ୯७ͳूதఆ਺Ϟσϧ͕ద༻͞ΕΔɽඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλʹɼ࣍ͷΑ͏ʹ p
ͷόϦΤʔγϣϯΛద༻͠ɼΫΞουϩʔλʢp = 2ʣɼϔΩαϩʔλʢp = 3ʣɼͦͯ͠ΦΫτϩʔλ
ʢp = 4ʣʹରͯ͠ɼࣜ (3.20)ͷϞʔϝϯτ Frot(u)ͱࣜ (3.29)ͷฒਐͷྗ Ftra(u)ΛͦΕͧΕ Srot2pu2p





0 &) · kF2 0 ) · kF4
) · kF1 0 &) · kF3 0
&kM1 kM2 &kM3 kM4
$
%%%%%%%%& , (3.32)
















2 ) · kF2 &
*
3
2 ) · kF3 0
*
3
2 ) · kF5
*
3
2 ) · kF6
) · kF1 0.5) · kF2 &0.5) · kF3 &) · kF4 &0.5) · kF5 0.5) · kF6




Srot6 : span{!M1, !M2, . . . , !M6}# span{E1, E2, E3}, (3.36)
u6 = ((2M1,(
2











2 ) · kF2 &) · kF3 &
*
2
2 ) · kF4 0
*
2
2 ) · kF6 ) · kF7
*
2




2 ) · kF2 0 &
*
2
2 ) · kF4 &) · kF5 &
*
2
2 ) · kF6 0
*
2
2 ) · kF8




Srot8 : span{!M1, !M2, . . . , !M8}# span{E1, E2, E3}, (3.39)
u8 = ((2M1,(
2








0 0 · · · 0
0 0 · · · 0




Stra2p : span{!M1, !M2, . . . , !M2p}# span{E1, E2, E3}, (3.42)
u2p = ((2M1,(
2




͜͜ʹ span{!M1, !M2, . . . , !M2p}͸ӈखܥ 2p࣮ݩ࣍ϕΫτϧۭؒͷجఈϕΫτϧΛද͢ɽ























&ge3 + 1m B(%1(t, (x0, ẋ0)T,u2p))Stra2pu2p
)
, (3.45)






















ද 4.1 ϚϧνϩʔλͷϑϥΠτϚψʔόͱඈߦঢ়ଶʢਤ 4.1ʣ
ϑϥΠτϚψʔό ؔ࿈͢Δঢ়ଶม਺ ඈߦঢ়ଶ
(i-1)ߴ౓Λ্͛Δ੍ޚ r3 ɼ޲ํ ddt ṙ3 > 0 ॏྗԼͰϚϧνϩʔλ͕ු͖ɼ
ಈ͘ɽʹ޲ํ্
(i-2)ߴ౓ΛԼ͛Δ੍ޚ r3 ɼ޲ํ ddt ṙ3 < 0 ॏྗԼͰϚϧνϩʔλ͕ු͖ɼ
Լํ޲ʹಈ͘ɽ
















































ճసͷӡಈͷΦΠϥʔ֯ͷঢ়ଶม਺ x = (!, ", #)T, ẋ = (!̇, "̇, #̇)T ͱฒਐͷӡಈͷঢ়ଶม਺ r =
(r1, r2, r3)T, ṙ = (ṙ1, ṙ2, ṙ3)Tʢਤ 4.1ʣΛ༻͍ͯɼϚϧνϩʔλͷඈ࡞ૢߦʢϑϥΠτϚψʔόʣͱඈߦ
ঢ়ଶΛද 4.1ʹ·ͱΊΔɽϚϧνϩʔλ͸ඈߦʹ 2pݸͷػମʹݻఆ͞ΕͨϞʔλΛ༻͍ΔʢΫΞου
ϩʔλ p = 2ɼϔΩαϩʔλ p = 3ɼͦͯ͠ΦΫτϩʔλ p = 4ʣɽϞʔλͷ֯଎౓ϕΫτϧ u2p ͸ද
4.1ͷඈߦঢ়ଶʢ·ͨ͸ಈ࡞఺ʣΛୡ੒͢ΔͨΊʹ௚઀࢖ΘΕΔɽબ୒ͨ͠ඈߦঢ়ଶ·ͨ͸ಈ࡞఺Λୡ
੒͢ΔͨΊʹ͸ɼϞʔλͷ੍ํޚ๏ͳͲɼϚϧνϩʔλͷϚψʔόΛཧղ͢Δ͜ͱ͕ॏཁͰ͋Δɽ
ΦΠϥʔ֯Λঢ়ଶม਺ͱ͢Δঢ়ଶํఔࣜ ࣜ] (3.44)] ddt (x, ẋ)
T = (03, 03)T, 03 = (0, 0, 0)T Λอ࣋͢
Δͱ͖ɼϤʔ !ɼ ϐον "ɼͦͯ͠ϩʔϧ # ͷಈ͖͸ݻఆ͞ΕΔɽ࣍ʹɼฒਐͷมҐΛঢ়ଶม਺ͱ
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͢Δঢ়ଶํఔࣜ ࣜ] (3.45)] Α͏ʹɼr͕̈ࣔ͢ ͸ x(t) = %1(t, (x0, ẋ0)T,u) ʹґଘ͢ΔͨΊɼri ͷӡಈ
͸ ddt ṙi = (ei, 1m B(x)Stra2pu2p), i = 1, 2 ͰͦΕͧΕ༩͑ΒΕΔɽϚϧνϩʔλͷ r3 ͷӡಈ͸ɼ ddt ṙ3 =




ఆٛ 6 Ϛϧνϩʔλͷಈ࡞఺ʢ·ͨ͸ɼඈߦͷಈ࡞఺ͱ΋͏ݴʣ(xop, ẋop)T $ R3'R3, xop = (!op, $op)T,





















Z($op) = (B(xop)ÎB(xop)T · "ẋ(!op, "op))&1 · B(xop), (4.3)
r̈1 = (e1, 1m B(xop)Stra2pu2p(op)), (4.4)
r̈2 = (e2, 1m B(xop)Stra2pu2p(op)), (4.5)
r̈3 = c, (4.6)
͜͜ʹ c $ R͸ఆ਺ɼ03 = (0, 0, 0)T Ͱ͋Δɽ΋͠ c = 0ͳΒ͹ಈ࡞఺ (xop, ẋop)T ͱ (rop, ṙop)T ͸ఆߴ౓
ඈߦͷঢ়ଶʹ͋Δɽ͞Βʹ΋͠ r̈1 = r̈2 = 0͔ͭ c = 0 (r̈3 = 0)ͳΒ͹ඈߦͷಈ࡞఺Λฏߧ఺ (xe, ẋe)T
ͱ (re, ṙe)T ͱݺͼɼϗόϦϯάͷඈߦঢ়ଶʹ͋Δɽ
Ϛϧνϩʔλͷಈ࡞఺ͷఆٛΛ༻͍ͯҎԼͷఆཧ 3, 4͕ಋग़͞ΕΔɽ
ఆཧ 3 H(u2p, x)Λ ũ2p $ R2p ͱ x̃ $ R3 ͷۙ๣ͷྖҬͰ R3 ͷ஋ҬΛͭ࣋ C1 ؔ਺ͱ͓͘ɽ͞Βʹࣜ






(e j,&ge3 + 1m B(x)Stra2pu2p)
(e3,&ge3 + 1m B(x)Stra2pu2p)
$
%%%%%%%%& , (4.7)
Z($) = (B(x)ÎB(x)T · "ẋ(!, "))&1 · B(x), (4.8)
͜͜ʹ 1 % i % 3, 1 % j % 2, i, j $ N, c = (0, r̈ j, c)T $ R3, r̈ j, c $ R͸͋Δఆ਺ɼx = (!, $)T, $ = (", #)T
Ͱ͋Δɽ
͜ͷͱ͖ɼ΋͠ !i ͱ e j ͕ɼHx(ũ2p, x̃)͕ྻߦٯΛͭ࣋Α͏ʹબ୒Ͱ͖Ε͹ɼશͯͷ u2p $ U ʹର
ͯ͠ɼH(u2p, x(u2p)) = c = (0, r̈ j, c)T ͱ x(ũ2p) = x̃Λຬ଍͢ΔΑ͏ͳ C1 ؔ਺ x: U # R3 ͱ ũ2p ͷۙ
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๣ U ͕ଘ͢ࡏΔɽ͞Βʹ H(u2p, z) = cΛຬ଍͢Δ V ͷதͷ།Ұͷղ z͕ଘ͢ࡏΔΑ͏ͳɼ͢ͳΘͪ
z = x(u2p)Ͱ͋ΔΑ͏ͳ x̃ͷۙ๣ VʢV ͸ x(U)ͷ૾Ͱ͋Δʣ͕ଘ͢ࡏΔதͰ x͸།ҰͰ͋Δɽ͞Βʹ
(i) xͷඍ෼ɼ͢ͳΘͪ 3 ' 2pྻߦ dx(u2p)͸ҎԼͷΑ͏ʹӄతඍ෼ԋࢉʹΑͬͯࢉܭͰ͖Δɽ
dx(u2p) = &[Hx(u2p, x(u2p))&1Hu2p (u2p, x(u2p))]. (4.9)
(ii) x(u2p), u2p $ U ͸ҎԼͷΑ͏ʹ (ũ2p, x̃)ͰͷΞϑΟϯۙࣅʹΑͬͯۙ͞ࣅΕΔɽ
x(u2p) + x̃ + dx(ũ2p) · (u2p & ũ2p)
= x̃ & [Hx(ũ2p, x̃)&1Hu2p (ũ2p, x̃)] · (u2p & ũ2p). (4.10)
(iii) !̈͸ҎԼͷΑ͏ʹܾఆ͞ΕΔɽ
!̈ = (!1,Y($, ẋ) + Z($)Srot2pu2p). (4.11)
ূ໌ 3 ࣜ (4.2) ͷ 4 ໨ߦ (e3,&ge3 + 1m B(x)Stra2pu2p) ͱࣜ (4.8) ͷؔ਺͸ঢ়ଶม਺ ! ΛؚΜͰ͓Β
ͣɼ %%x (Z($)Srot2pu2p) ͸ϥϯΫ 2 Ͱ͋Δɽ͞Βʹɼఆཧ 1 ͱࣜ (3.44) ͔Βɼঢ়ଶม਺ ! ͸ঢ়ଶม
਺ " ͱ # ʹ௚઀ӨڹΛ༩͑ͳ͍͜ͱ͸໌Β͔Ͱ͋Δɽͦͯ͠ɼ!̈ ͸ ! ͱ !̇ ͷ୅ΘΓʹɼࣜ (3.44)
!̈ = (!1,Y((", #)T, (!̇, "̇, #̇)T)+Z((", #)T)Srot2pu2p)ʹΑͬͯͷΈ௚઀ܾఆ͞ΕΔɽ͕ͨͬͯ͠ɼH(u2p, x)
ͱ cͷߏங͸ɼղੳՄೳͰ߹ཧత͔ͭޮՌతʹߦΘΕΔɽ
H(u2p, x) $ R3, c $ R3, u2p $ R2p,ͦͯ͠ x $ R3 ͸෇࿥ͷӄؔ਺ఆཧͷ F(x, y) $ Rm, c $ Rm, x $ Rn,
ͦͯ͠ y $ Rm ʹͦΕͧΕஔ͖͑׵Δ͜ͱ͕Ͱ͖ΔͷͰɼ෇࿥ͷӄؔ਺ఆཧͱಉ༷ͷ݁Ռ͕ಘΒΕΔɽ




ਤ 4.2 ͷྗʗϞʔϝϯτ޲Δਨ௚ํ͢༺࡞ͱΫΞουϩʔλʹϞʔλʹΑͬͯܥඪ࠲ (m =
1.656 [kg], g = 9.80665 [m/s2], ) = 0.365 [m], I11 = 0.01982 [kg ·m2], I22 = 0.01954 [kg ·m2], I33 =
0.03221 [kg ·m2], kF = 1.79 ' 10&7 [N/rpm2], kM = 4.38 ' 10&9 [Nm/rpm2])
x̃ = (!̃ [rad], "̃ [rad], #̃ [rad])T = (0 [rad], 0.5236 [rad], 0 [rad])T,ͦͯ͠ ũ4 = ((̃M1 [rpm], (̃M2 [rpm],
(̃M3 [rpm], (̃M4 [rpm])T = (5118.6279 [rpm], 5117.6279 [rpm], 5117.6279 [rpm], 5118.6279 [rpm])T,
x(u4), u4 $ U ͸্هͷ (ũ4, x̃)ʹ͓͚ΔҎԼͷΞϑΟϯม׵ʹΑͬͯਪఆ͞ΕΔɽ
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x(u4) + x̃ &!
""""""""#
&0.7946 ' 10&5 0.7946 ' 10&5 &0.7946 ' 10&5 0.7946 ' 10&5
&0.1653 ' 10&7 &0.1653 ' 10&7 &0.1653 ' 10&7 &0.1653 ' 10&7
&0.3973 ' 10&5 0.3973 ' 10&5 &0.3973 ' 10&5 0.3973 ' 10&5
$
%%%%%%%%&
· (u4 & ũ4). (4.12)
͜͜ʹ !̈͸ఆཧ 3ͷ߲໨ (iii)ʹΑܾͬͯఆ͞ΕΔɽఆཧ 3͸ɼͦΕͧΕͷϞʔλ଎౓ͷมԽʹԠͯ͡
มԽ͢ΔΦΠϥʔ֯ͷঢ়ଶΛਪఆͰ͖Δɽ
ఆཧ 4 F(x,u2p) Λ x̃ $ R3 ͱ ũ2p $ R2p ͷۙ๣ͷྖҬͰ R2p, p = 2, 3, 4 ͷ஋ҬΛͭ࣋ C1 ؔ਺ͱ͓
͘ɽ͞Βʹࣜ (4.1)ͱࣜ (4.2)ͷԼͷߦɼͦ ΕͧΕ Z($op)Srot2pu2p(op)ͱ (e3,&ge3+ 1m B(xop)Stra2pu2p(op))
Λ༻͍ͯ༩͑ΒΕɼF(x̃, ũ2p) = 02p = (0, 0, . . . , 0)T Λຬͨ͢ͱ͢Δɽ۩ମతʹ͸ҎԼͷΑ͏ʹఆٛ͞
ΕΔ΋ͷͱ͢Δɽ
F(x,u2p) = A2p(x)u2p & b2p. (4.13)
ΫΞουϩʔλʢp = 2ʣͷ৔߹ɼ








͜͜ʹ b4 = (!̈, "̈, #̈, c + g)T $ R4ɼc $ R͸ఆ਺Λද͢ɽ
ϔΩαϩʔλ·ͨ͸ΦΫτϩʔλʢp = 3·ͨ͸ 4ʣͷ৔߹ɼ














͜͜ʹ Q(2p&4)'2p $ R(2p&4)'2p ͸ఆ਺ྻߦΛද͢ɽb2p = (!̈, "̈, #̈, c+ g, b!2p&4)T $ R2p. b!2p&4 $ R2p&4 ͸
ఆ਺ϕΫτϧΛද͢ɽ
೚ҙͷ x̃ $ R3 ͰɼF(x̃, ũ2p) = 02p, det(A2p(x̃)) ! 0, ũ2p $ R2p Ͱ͋Ε͹ɼũ2p = A2p(x̃)&1b2p ͸Ұҙʹ
ఆ·Δɽͦͯ͠ !̈, "̈, #̈͸ҎԼͰܾఆ͞ΕΔɽ
!̈ = (!1,Y($, ẋ) + Z($)Srot2pu2p),
"̈ = (!2,Y($, ẋ) + Z($)Srot2pu2p), (4.17)
#̈ = (!3,Y($, ẋ) + Z($)Srot2pu2p).
ূ໌ 4 ΫΞουϩʔλʢp = 2ʣͷ৔߹ɼ$̃ $ R2 ͸ఆ਺ϕΫτϧͰ͋ΓɼA4($̃)͸ 4 ' 4ͷఆ਺ྻߦ
Ͱ͋ΔɽϔΩαϩʔλ·ͨ͸ΦΫτϩʔλʢp = 3·ͨ͸ 4ʣͷ৔߹ɼx̃ $ R3 ͸ఆ਺ϕΫτϧͰ͋Γɼ
A!4'2p(x̃)͸ 4 ' 2pͷఆ਺ྻߦͰ͋Δɽ͞ΒʹɼQ(2p&4)'2p ͸ (2p & 4) ' 2pͷఆཧͷ৚݅Λຬͨ͋͢
Δఆ਺ྻߦͰ͋Δɽ
͕ͨͬͯ͠ɼ೚ҙͷ x̃ $ R3, A2p(x̃)ũ2p & b2p = 02p Ͱ det(A2p(x̃)) ! 0, ũ2p $ R2p Ͱ͋Ε͹Ұҙʹ








[16]ɽແઢૹ৴ػ͸ɼ໛ܕඈػߦʹɼThrottle, Rudder, Elevator,ͦͯ͠ AileronsͷͦΕͧΕͷ੍ޚ৴߸
Λಠཱʹૹ৴Ͱ͖Δগͳ͘ͱ΋ 4ͭͷಠཱͷνϟϯωϧΛ͍ͯͬ࣋Δɽૹ৴ػͷࠨଆͷεςΟοΫ͸
Throttle ͱ Rudder ͷ྆ํΛ੍͢ޚΔɽ͔͠Δʹɼૹ৴ػͷӈଆͷεςΟοΫ͸ Ailerons ͱ Elevator
ͷ྆ํΛ੍͢ޚΔɽ͜ΕΒͷ໊લ͸ݻఆཌྷͷ੍ޚཌྷ͕༝དྷͰ͋Δɽ͜ΕΒͷཌྷ͸ཌྷͷपΓͷۭؾͷྲྀ
Εͷ͖޲ΛมԽͤͯ͞ඈػߦͷඈͿ͖޲ΛมԽͤ͞ΔϑϥοϓͰ͋ΔɽϚϧνϩʔλʔͰ͸ throttle,
rudder, elevator,ͦͯ͠ ailerons͸௨ৗ altitude ౓)ɼyawߴ) (Ϥʔ)ɼpitch (ϐον)ɼroll (ϩʔϧ)ʹର
Ԡ͢Δ [15]ɽ
ఆཧ 3͸ΦΠϥʔ֯ͷঢ়ଶ x(u2p)͕ͦΕͧΕͷϞʔλͷճస଎౓ͷ੍ޚ u2p $ U ʹΑͬͯɼͲͷΑ
͏ʹୡ੒͞ΕΔ͔Λ༩͑Δɽ͞Βʹ x(u2p), u2p $ U ͷ৚݅ԼͰɼࣜ (3.45) ͸ฒਐͷՃ଎౓ϕΫτϧ
r̈ = &ge3 + 1m B(x(u2p))Stra2pu2p Λܾఆ͢Δɽࣜ (3.45)ͱఆཧ 3Λ༻͍ͯɼͦΕͧΕͷϞʔλͷճస଎
౓ u2p ͷมԽʹΑͬͯࡏݱͷಈ࡞఺ͷঢ়ଶ͔Βɼܭըͨ͠ಈ࡞఺ͷঢ়ଶʹͲͷΑ͏ʹୡ੒͞ΕΔ͔Λ
೺ѲͰ͖Δɽ
ఆཧ 4͸ɼఆཧͷ৚݅Λຬ଍͢Δ৚݅ԼͰɼϚϧνϩʔλͷ೚ҙͷඈߦঢ়ଶ (ಛʹɼม਺ ", #, !̈, "̈, #̈,
c (·ͨ͸ r̈3))͕ͲͷΑ͏ͳϞʔλͷճస଎౓ͷ੍ޚ u2p $ U ʹΑͬͯୡ੒͞ΕΔ͔ΛҰҙղʢϑΟʔ
υϑΥϫʔυ੍ޚͷܗʣͱͯ͠༩͑Δɽ
ఆཧ 3 ·ͨ͸ఆཧ 4 Λ༻͍Δ͜ͱͰɼ௨ৗͷ໛ܕඈػߦͷ੍ྩ໋ޚͷ throttle (·ͨ͸ altitude),











Ϟʔλφϯόʔ i͕׬શʹނো͠ఀͨ͜͠ࢭͱΛɼجఈϕΫτϧ !Mi ͷுΔ෦෼ۭؒ Vi " R2p Ͱද
͢ [36], pp. 628–632ɽͦͯ͠ɼVi ΁ͷ্΁ͷࣹӨΛ Pi ͱ͢Δ [36], pp. 628–632ɽϕΫτϧ v $ R2p ͷ
Vi ͷ্΁ͷࣹӨ Piv͸ɼ௚ަؔ܎Λຬ଍͢ΔϕΫτϧ Piv $ Vi ͱͯ͠ఆٛ͞ΕΔ
(v & Piv,w) = 0 for all w $ Vi, (4.18)
(Piv, !Mi) = (v, !Mi). (4.19)
ఆٛ 7 Ϟʔλφϯόʔ i͕׬શʹނো͠ఀͨ͠ࢭ৔߹ɼ࢒ଘϞʔλϕΫτϧ͸ҎԼͷΑ͏ʹܾఆ͞
ΕΔɽ




(2M j!M j +
2p'
j=i+1


















͜͜ʹ Si*2p&1 ͸ɼS*2pྻߦ ͷྻߦ iྻ໨͕࡟আ͞ΕͨྻߦΛද͢ (* = rot, tra)ɽ





(2M j!M j +
i2&1'
j=i1+1
(2M j!M j + · · · +
2p'
j=in+1
(2M j!M j. (4.23)
·ͨɼ࢒ଘϞʔλʹΑΔϞʔϝϯτ Srot2pui1,i2,...,in2p&n ͱฒਐͷྗ Stra2pu
i1,i2,...,in












͜͜ʹ Si1,i2,...,in*2p&n ͸ɼS*2pྻߦ ͷྻߦ i1th, i2th, . . . , inthྻ໨͕࡟আ͞ΕͨྻߦΛද͢ (* = rot, tra)ɽ
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2 ) · kF2 0
*
3
2 ) · kF6




























͜͜ʹ S1,3,5*3 ͸ɼS*6ྻߦ ͷྻߦ 1ɼ3ɼͦͯ͠ 5ྻ໨͕࡟আ͞ΕͨྻߦΛද͢ (* = rot, tra)ɽ
ਤ 4.3 1൪ɼ3൪ɼͱ 5൪ͷϞʔλ͕ނোͨ͠৔߹ͷϔΩαϩʔλ
͜͜ͰɼΦΠϥʔ֯ͷճసͷํఔࣜ ࣜ] (3.44)]ͱฒਐͷมҐͷํఔࣜ ࣜ] (3.45)]Λૅجʹஔ͖ɼ׬









































ද 4.2 Ϛϧνϩʔλͷ௢མΛճආ͢Δ 2छྨͷඈߦঢ়ଶ
λΠϓ ୡ੒͢Δද 4.1ͷඈߦঢ়ଶ
(I) No Problem*1 શͯ (ྫਤ 4.4)
(II) Admissible Problem*2 Ϥʔ͸੍ޚͰ͖ͳ͍ɽϤʔ͸ࣗ༝ʹճస͢Δ (ྫਤ 4.5).
ਤ 4.4 Ϟʔλ͕ނোɼఀͯ͠ࢭɼͻͱͭͷ࢒ଘϞʔλΛఀ͢ࢭΔ͜ͱͰɼϔΩαϩʔλͷද 4.1ͷ
͢΂ͯͷඈߦঢ়ଶΛୡ੒͢Δද 4.2ͷλΠϓ (I)ͷྫ
ਤ 4.5 Ϟʔλ͕ނোɼఀͯ͠ࢭɼͻͱͭͷ࢒ଘϞʔλΛఀ͢ࢭΔ͜ͱͰɼΫΞουϩʔλͷද 4.1
ͷʠϤʔͷ੍ޚΛআ͘ʡ͢΂ͯͷඈߦঢ়ଶΛୡ੒͢Δද 4.2ͷλΠϓ (II)ͷྫ
஫ҙϔΩαϩʔλʢp = 3,ਤ 3.2ʣͷର֯ઢ্ͷ 2ͭͷϞʔλͷճసํ޲͸౳͍͠ͷͰɼϞʔλ͕ ݸ4
ো͠ର֯ઢ্ͷނ 2ͭͷϞʔλͷΈ͕ͨͬ࢒৔߹ (n = 4)ɼද 4.2ͷछྨ (I)ͷϚϧνϩʔλͷ௢མΛආ
*1 λΠϓ (I)࢒ଘϞʔλͷ͏ͪɼಛఆͷϞʔλ͕ނোͯ͠ఀͨ͠ࢭ৔߹ɼද 4.1ͷશͯͷඈߦঢ়ଶΛୡ੒͢Δʹ͸ɼҰ෦ͷ
ϞʔλΛఀ͢ࢭΔඞཁ͕͋Δɽ
*2 λΠϓ (II)࢒ଘϞʔλͷ͏ͪɼಛఆͷϞʔλ͕ނোͯ͠ఀͨ͠ࢭ৔߹ɼද 4.1ͷશͯͷඈߦঢ়ଶʢϤʔͷ੍ޚΛআ͘ʣΛ
ୡ੒͢Δʹ͸ɼҰ෦ͷϞʔλΛఀ͢ࢭΔඞཁ͕͋Δɽ




ຊ࿦จͰ͸ѻΘͳ͍ɽ͕ͨͬͯ͠ɼϔΩαϩʔλͷϞʔλނোʹ͍ͭͯ͸ɼ1 % i1 < i2 < · · · < in % 2p,
1 % n % 2p & 3, p = 3, n $ NͱͳΔɽ
ఆٛ 9 ಛఆͷϞʔλ͕ނোͯ͠ఀ͢ࢭΔͱɼ௢མΛճආ͢Δඈߦঢ়ଶʢද 4.2ʣΛୡ੒͢ΔϚϧνϩʔ






























Z($op) = (B(xop)ÎB(xop)T · "ẋ(!op, "op))&1 · B(xop), (4.35)










r̈3 = c, (4.38)
͜͜ʹ c $ R͸ఆ਺ɼ03 = (0, 0, 0)T Ͱ͋Δɽ΋͠ c = 0ͳΒ͹ಈ࡞఺ (xop, ẋop)T ͱ (rop, ṙop)T ͸ఆߴ
౓ඈߦͷঢ়ଶʹ͋Δɽ͞Βʹ΋͠ r̈1 = r̈2 = 0 ͔ͭ c = 0 (r̈3 = 0) ͳΒ͹ಈ࡞఺Λฏߧ఺ (xe, ẋe)T ͱ
(re, ṙe)T ͱݺͼɼϗόϦϯάͷඈߦঢ়ଶʹ͋Δɽ





















!̈ = (!1,Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ), (4.40)
!̇ = c!t + !̇(0), (4.41)
͜͜ʹ c! $ R͸ఆ਺Λද͢ɽ
஫ҙ͜ͷ৔߹ɼϤʔͷ੍ޚ͸͑ߦͳ͍ͨΊɼද 4.1ͷʠ(ii)ϗόϦϯά͢Δ੍ޚʡ͸ୡ੒Ͱ͖ͳ͍ɽ
ఆཧ 5 ಛఆͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖ͷɼ௢མΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷඈߦঢ়ଶͷ৔
߹ɼF(x,ui1,i2,...,in2p&n ), p = 2, 3, 4 ΛΦΠϥʔ֯ͷ֯౓ͷঢ়ଶม਺ x̃ $ R3 ͱ࢒ଘϞʔλͷϞʔλ଎౓੍











͑ΒΕɼF(x̃, ũi1,i2,...,in2p&n ) = 02p&n = (0, 0, . . . , 0)
T Λຬͨ͢ͱ͢Δɽ۩ମతʹ͸ҎԼͷΑ͏ʹఆٛ͞ΕΔ΋
ͷͱ͢Δɽ




2p&n & b2p&n. (4.42)
ΫΞουϩʔλʢp = 2ʣͷ৔߹ɼ










͜͜ʹ b4&n = (!̈, "̈, #̈, c + g)T $ R4&nɼc $ R͸ఆ਺Λද͢ɽ
ϔΩαϩʔλ·ͨ͸ΦΫτϩʔλʢp = 3·ͨ͸ 4ʣͷ৔߹ɼ


















͜͜ʹ Qi1,i2,...,in(2p&4)'(2p&n) $ R(2p&4)'(2p&n) ͸೚ҙͷఆ਺ྻߦΛද͢ɽb2p&n = (!̈, "̈, #̈, c + g, b!2p&4)T $ R2p&n.
b!2p&4 $ R2p&4 ͸ఆ਺ϕΫτϧΛද͢ɽ
೚ҙͷ x̃ $ R3 ͰɼF(x̃, ũi1,i2,...,in2p&n ) = 02p&n, det(A
i1,i2,...,in
2p&n (x̃)) ! 0, ũ
i1,i2,...,in




&1b2p&n ͸Ұҙʹఆ·Δɽͦͯ͠ !̈, "̈,ͱ #̈͸ҎԼͰܾఆ͞ΕΔɽ
!̈ = (!1,Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ),
"̈ = (!2,Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ), (4.46)
#̈ = (!3,Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ).
͕ͨͬͯ͠ɼũi1,i2,...,in2p&n $ R2p&n ͸Ϟʔλނো࣌ͷ௢མΛճආ͢Δද 4.2ͷλΠϓ (I)ͷඈߦঢ়ଶͷͨΊ
ͷϞʔλ଎౓੍ޚ৴߸ϕΫτϧΛ༩͑Δɽ
ূ໌ 5 ΫΞουϩʔλʢp = 2ʣͷ৔߹ɼ$̃ $ R2͸ఆ਺ϕΫτϧͰ͋ΓɼAi1,i2,...,in4&n ($̃)͸ (4&n)' (4&n)
ͷఆ਺ྻߦͰ͋ΔɽϔΩαϩʔλ·ͨ͸ΦΫτϩʔλʢp = 3·ͨ͸ 4ʣͷ৔߹ɼx̃ $ R3 (x̃ = (!̃, $̃)T)
͸ఆ਺ϕΫτϧͰ͋ΓɼA!i1,i2,...,in4'(2p&n)($̃) ͸ 4 ' (2p & n) ͷఆ਺ྻߦͰ͋Δɽ͞ΒʹɼQ
i1,i2,...,in
(2p&4)'(2p&n) ͸
(2p & 4) ' (2p & n)ͷఆཧͷ৚݅Λຬͨ͋͢Δఆ਺ྻߦͰ͋Δɽ
͕ͨͬͯ͠ɼ೚ҙͷ x̃ $ R3, Ai1,i2,...,in2p&n (x̃)ũ
i1,i2,...,in
2p&n & b2p&n = 02p&n Ͱ det(A
i1,i2,...,in
2p&n (x̃)) ! 0, ũ
i1,i2,...,in
2p&n $
R2p&n Ͱ͋Ε͹Ұҙʹ ũi1,i2,...,in2p&n = A
i1,i2,...,in
2p&n (x̃)
&1b2p&n ͕ఆ·Δɽͦͯ͠ !̈, "̈, #̈͸ࣜ (4.31)ͷୈ ߦ6–4
໨ Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ͔ΒಘΒΕΔɽ͜͏ͯ͠ఆཧ 5ͷূ໌Λऴ͑Δɽ
ఆཧ 6 ಛఆͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖ͷɼ௢མΛճආ͢Δද 4.2ͷλΠϓ (II)ͷඈߦঢ়ଶͷ৔
߹ɼF(x,ui1,i2,...,in2p&n ), p = 2, 3, 4 ΛΦΠϥʔ֯ͷ֯౓ͷঢ়ଶม਺ x̃ $ R3 ͱ࢒ଘϞʔλͷϞʔλ଎౓੍










͑ΒΕɼF(x̃, ũi1,i2,...,in2p&n ) = 02p&n = (0, 0, . . . , 0)
T Λຬͨ͢ͱ͢Δɽ۩ମతʹ͸ҎԼͷΑ͏ʹఆٛ͞ΕΔ΋
ͷͱ͢Δɽ




2p&n & b2p&n. (4.47)
28
ΫΞουϩʔλʢp = 2ʣͷ৔߹ɼ

















͜͜ʹ b4&n = ("̈, #̈, c + g)T $ R4&nɼc $ R͸ఆ਺Λද͢ɽ
ϔΩαϩʔλ·ͨ͸ΦΫτϩʔλʢp = 3·ͨ͸ p = 4ʣɼ
























͜͜ʹ Qi1,i2,...,in(2p&4)'(2p&n) $ R(2p&4)'(2p&n) ͸೚ҙͷఆ਺ྻߦΛද͢ɽb2p&n = ("̈, #̈, c + g, b!2p&4)T $ R2p&n.
b!2p&4 $ R2p&4 ͸ఆ਺ϕΫτϧΛද͢ɽ
೚ҙͷ x̃ $ R3 ͰɼF(x̃, ũi1,i2,...,in2p&n ) = 02p&n, det(A
i1,i2,...,in
2p&n (x̃)) ! 0, ũ
i1,i2,...,in




&1b2p&n ͸Ұҙʹఆ·Δɽͦͯ͠ !̈, "̈,ͱ #̈͸ҎԼͰܾఆ͞ΕΔɽ
!̈ = (!1,Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ),
"̈ = (!2,Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ), (4.51)
#̈ = (!3,Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ).
͕ͨͬͯ͠ɼũi1,i2,...,in2p&n $ R2p&n ͸Ϟʔλނো࣌ͷ௢མΛճආ͢Δද 4.2ͷλΠϓ (II)ͷඈߦঢ়ଶͷͨΊ
ͷϞʔλ଎౓੍ޚ৴߸ϕΫτϧΛ༩͑Δɽ
ূ໌ 6 ΫΞουϩʔλʢp = 2ʣͷ৔߹ɼ$̃ $ R2͸ఆ਺ϕΫτϧͰ͋ΓɼAi1,i2,...,in4&n ($̃)͸ (4&n)' (4&n)
ͷఆ਺ྻߦͰ͋ΔɽϔΩαϩʔλ·ͨ͸ΦΫτϩʔλʢp = 3·ͨ͸ 4ʣͷ৔߹ɼx̃ $ R3 (x̃ = (!̃, $̃)T)
͸ఆ਺ϕΫτϧͰ͋ΓɼA!!i1,i2,...,in3'(2p&n)($̃) ͷ 3 ' (2p & n) ͷఆ਺ྻߦͰ͋Δɽ͞ΒʹɼQ
i1,i2,...,in
(2p&4)'(2p&n) ͸
(2p & 4) ' (2p & n)ͷఆཧͷ৚݅Λຬͨ͋͢Δఆ਺ྻߦͰ͋Δɽ
͕ͨͬͯ͠ɼ೚ҙͷ x̃ $ R3, Ai1,i2,...,in2p&n (x̃)ũ
i1,i2,...,in
2p&n & b2p&n = 02p&n Ͱ det(A
i1,i2,...,in
2p&n (x̃)) ! 0, ũ
i1,i2,...,in
2p&n $
R2p&n Ͱ͋Ε͹Ұҙʹ ũi1,i2,...,in2p&n = A
i1,i2,...,in
2p&n (x̃)
&1b2p&n ͕ఆ·Δɽͦͯ͠ !̈, "̈, #̈͸ࣜ (4.31)ͷୈ ߦ6–4
໨ Y($, ẋ) + Z($)Si1,i2,...,inrot2p&n u
i1,i2,...,in
2p&n ͔ΒಘΒΕΔɽ͜͏ͯ͠ఆཧ 6ͷূ໌Λऴ͑Δɽ
͜ͷΑ͏ʹ ũi1,i2,...,in2p&n $ R2p&n ͸ɼϞʔλނো࣌ͷ௢མΛճආ͢Δද 4.2ͷඈߦঢ়ଶΛୡ੒͢ΔϞʔλ
଎౓੍ޚ৴߸ͱͯ͠ಘΒΕΔɽϞʔλͷނো਺ n͕૿͑ΔʹͭΕͯɼྻߦ Si1,i2,...,inrot2p&n $ R3'(2p&n) ·ͨ͸
ྻߦ Si1,i2,...,intra2p&n $ R3'(2p&n) ͷϥϯΫͱೖྗϕΫτϧ u
i1,i2,...,in
2p&n $ R2p&n ͷݩ࣍͸ݮগ͢Δɽ͕ͨͬͯ͠ɼߦ
ྻ Ai1,i2,...,in2p&n $ R(2p&n)'(2p&n) ͕ϞʔλނোʹΑͬͯਖ਼ํྻߦͰͳ͘ͳͬͨ৔߹ɼ೚ҙͷߦΛݮΒͯ͠ਖ਼













ΫΞουϩʔλ (p = 2)ɼϔΩαϩʔλ (p = 3)ɼͦͯ͠ΦΫτϩʔλ (p = 4)ͷ਺஋ύϥϝʔλ͸
ද 5.1, 5.2,ͦͯ͠ ඞཁͳϚϧνϩʔλͷύϥϝʔλɼ૯ॏྔʹࢉܭड़͢Δɽ਺஋هʹ5.3 m,ੑ׳Ϟʔ
ϝϯτ I11, I22, I33, Ϛϧνϩʔλͷத৺͔ΒϞʔλ·Ͱͷڑ཭ ), ϞʔλͷਪྗͱϞʔϝϯτʹؔ͢܎
Δ܎਺ kF , kM ,ͦͯ͜͠ΕΒͷύϥϝʔλ͸ ELEV-8 Quadcopter Kit [15], [16]Λϕʔεͱ͢Δ࡞ࣗͷ
ΫΞουϩʔλγεςϜ [37]͔Βܾఆ͍ͯ͠Δɽ
ද 5.1 ΫΞουϩʔλʢp = 2ʣͷ਺஋ύϥϝʔλ
߸ه આ໌ ஋ͱ୯Ґ
m ΫΞουϩʔλͷ૯ॏྔ 1.656 [kg]
I11 ΫΞουϩʔλͷੑ׳Ϟʔϝϯτ 0.01982 [kg ·m2]
I22 ΫΞουϩʔλͷੑ׳Ϟʔϝϯτ 0.01954 [kg ·m2]
I33 ΫΞουϩʔλͷੑ׳Ϟʔϝϯτ 0.03221 [kg ·m2]
g ॏྗՃ଎౓ 9.80665 [m/s2]
kF ΫΞουϩʔλͷϞʔλͷྗͷ܎਺ 1.79 ' 10&7 [N/rpm2]
kM ΫΞουϩʔλͷϞʔλͷϞʔϝϯτͷ܎਺ 4.38 ' 10&9 [Nm/rpm2]
) ΫΞουϩʔλͷزԿֶతத৺͔ΒϞʔλ·Ͱͷڑ཭ 0.365 [m]
30
ද 5.2 ϔΩαϩʔλʢp = 3ʣͷ਺஋ύϥϝʔλ
߸ه આ໌ ஋ͱ୯Ґ
m ϔΩαϩʔλͷ૯ॏྔ 2 [kg]
I11 ϔΩαϩʔλͷੑ׳Ϟʔϝϯτ 0.02973 [kg ·m2]
I22 ϔΩαϩʔλͷੑ׳Ϟʔϝϯτ 0.02931 [kg ·m2]
I33 ϔΩαϩʔλͷੑ׳Ϟʔϝϯτ 0.048315 [kg ·m2]
g ॏྗՃ଎౓ 9.80665 [m/s2]
kF ϔΩαϩʔλͷϞʔλͷྗͷ܎਺ 1.79 ' 10&7 [N/rpm2]
kM ϔΩαϩʔλͷϞʔλͷϞʔϝϯτͷ܎਺ 4.38 ' 10&9 [Nm/rpm2]
) ϔΩαϩʔλͷزԿֶతத৺͔ΒϞʔλ·Ͱͷڑ཭ 0.365 [m]
ද 5.3 ΦΫτϩʔλʢp = 4ʣͷ਺஋ύϥϝʔλ
߸ه આ໌ ஋ͱ୯Ґ
m ΦΫτϩʔλͷ૯ॏྔ 3.5 [kg]
I11 ΦΫτϩʔλͷੑ׳Ϟʔϝϯτ 0.03964 [kg ·m2]
I22 ΦΫτϩʔλͷੑ׳Ϟʔϝϯτ 0.03908 [kg ·m2]
I33 ΦΫτϩʔλͷੑ׳Ϟʔϝϯτ 0.06442 [kg ·m2]
g ॏྗՃ଎౓ 9.80665 [m/s2]
kF ΦΫτϩʔλͷϞʔλͷྗͷ܎਺ 1.79 ' 10&7 [N/rpm2]
kM ΦΫτϩʔλͷϞʔλͷϞʔϝϯτͷ܎਺ 4.38 ' 10&9 [Nm/rpm2]
) ΦΫτϩʔλͷزԿֶతத৺͔ΒϞʔλ·Ͱͷڑ཭ 0.365 [m]
Ճ͑ͯɼγϛϡϨʔγϣϯͰ༻͍Δఆཧ 4–6 ͷ৚݅Λຬ଍͢Δఆ਺ྻߦ Q(2p&4)'2p $ R(2p&4)'2p,




0 1 &1 0 0 0







0 1 &1 0 0 0 0 0
0 0 &1 1 0 0 0 0
0 0 0 0 0 1 &1 0









(3.44)], ࣜ] (3.45)] ͷ࣮૷Λ Maple ͷγϯϘϦοΫࢉܭɼMATLAB ͷࢉܭྻߦɼͦͯ͠ ode45 ιϧ
όʔ [38]ΛؚΉMATLABͷ਺஋ࢉܭΛ༻͍͍ͯߦɼಘ͍ͯΔɽ͜͜Ͱ஫ҙ͢΂͖͸ɼࣜ (3.45)ͷ਺
஋ࢉܭʹ͸ΦΠϥʔ֯ʢ!(t), "(t), #(t)ʣ͕ඞཁͰ͋ΔͨΊɼࣜ (3.44)ͷ݁ࢉܭՌͷλΠϜεςοϓͱ
ࣜ (3.45)Λղ͘ࡍͷλΠϓεςοϓͷͣΕΛิؒ͢Δิؒؔ਺ [39]Λ༻͍ͯΦΠϥʔ֯ !(t), "(t),ͦ
ͯ͠ #(t)ͷղΛಘ͍ͯΔɽҎԼʹࣔ͢Α͏ʹɼ௨ৗͷඈޚ੍ߦͷίϚϯυʢྫ͑͹ɼ͞ߴɼϤʔɼϐο
νɼͦͯ͠ϩʔϧͳͲʣΛϞʔλ଎౓੍ޚ৴߸ʹม׵Ͱ͖͍ͯΔ͜ͱ͕෼͔Δɽ
(a) ΫΞουϩʔλͷϗόʔঢ়ଶʢਤ 5.1ɼਤ 5.2ɼද 4.1 ͷϚψʔό (ii)ʣɼ৚݅ "̃ = 0 [rad], #̃ =
0 [rad], !̈ = 0 [rad/s2], ͦͯ͠ c = 0 [m/s2] ͸, ఆཧ 4 ͔ΒٻΊͨҎԼͷϞʔλ଎౓ʹΑ࣮ͬͯ͞ݱ
ΕΔɽ
(̃M1 = (̃M2 = (̃M3 = (̃M4 = 4762.4891 [rpm].






























ਤ 5.1 (a) ΫΞουϩʔλͷϗόʔঢ়ଶͷςΠτʹϒ
ϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ





























ಈ͖ͷγϛϡϨʔγϣϯ݁Ռʢr3 = 3 [m]ɿॳظ
ঢ়ଶʣ
͜͜Ͱɼਤ 5.1ͷ !(t), "(t), #(t)ͷϓϩοτɼਤ 5.2ͷ r1(t)ͱ r2(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽ
γϛϡϨʔγϣϯ (a)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱ࢟੎ (!(t), "(t), #(t))΍
Ґஔ (r1(t), r2(t), r3(t))ʹภ͕ࠩൃੜ͢Δ͜ͱͳ͘ɼϗόϦϯάͷঢ়ଶʢද 4.1ͷϚψʔό (ii)ʣ͕ҡ࣋
͞Ε͍ͯΔ͜ͱ͕͔֬ΊΒΕͨɽ
(b) ΫΞουϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶʢਤ 5.3ɼਤ 5.4ɼද 4.1 ͷϚψʔό (iii-1)ʣɼ৚݅
"̃ = 0 [rad], #̃ = 0 [rad], !̈ = 2 [rad/s2],ͦͯ͠ c = 0 [m/s2]͸,ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλ଎౓ʹ
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Α࣮ͬͯ͞ݱΕΔɽ
(̃M1 = (̃M3 = 4359.3992 [rpm],
(̃M2 = (̃M4 = 5134.0279 [rpm].































ਤ 5.3 (b) ΫΞουϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶ
ͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ































͜͜Ͱɼਤ 5.3ͷ "(t)ͱ #(t)ͷϓϩοτɼਤ 5.4ͷ r1(t)ͱ r2(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽγ
ϛϡϨʔγϣϯ (b)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼ࢟੎ͷมԽ͸Ϥʔͷճ
స͚ͩൃੜ͠ɼͦͷଞͷ࢟੎ ("(t), #(t))΍Ґஔ (r1(t), r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓ͰϤʔ
ͷճసͷӡಈʢද 4.1ͷϚψʔό (iii-1)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
(c)ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়ଶʢਤ 5.5ɼਤ 5.6ɼද 4.1ͷϚψʔό (iv-1)ɼͦͯ͠
"͸ݻఆ͞Ε͍ͯΔʣɼ৚݅ "̃ = 0.5236 [rad], #̃ = 0 [rad], !̈ = 0 [rad/s2],ͦͯ͠ c = 0 [m/s2]͸,ఆཧ
4͔ΒٻΊͨҎԼͷϞʔλ଎౓ʹΑ࣮ͬͯ͞ݱΕΔɽ
(̃M1 = (̃M2 = (̃M3 = (̃M4 = 5117.6279 [rpm].


































ਤ 5.5 (c) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়
ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ































ਤ 5.6 (c) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϐ
ονঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ
ʢr3 = 3 [m]ɿॳظঢ়ଶʣ
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͜͜Ͱɼਤ 5.5 ͷ !(t) ͱ #(t) ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (c) Λͱ͓ͯ͠ɼ
ఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϐον֯ "Λҡ࣋͠ɼͦͷ݁Ռ r1 ฒਐӡಈʹ޲ํ
Λ͍ߦɼͦͷଞͷ࢟੎ (!(t), #(t))΍Ґஔ (r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓Ͱϐον֯ͷฒਐ
ӡಈʢද 4.1ͷϚψʔό (iv-1)ɼ͜͜ʹ "͸ݻఆ͞Ε͍ͯΔʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
(d)ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϩʔϧঢ়ଶʢਤ 5.7ɼਤ 5.8ɼද 4.1ͷϚψʔό (v-1)ɼͦͯ͠
#͸ݻఆ͞Ε͍ͯΔʣɼ৚݅ "̃ = 0 [rad], #̃ = 0.3491 [rad], !̈ = 0 [rad/s2],ͦͯ͠ c = 0 [m/s2]͸,ఆཧ
4͔ΒٻΊͨҎԼͷϞʔλ଎౓ʹΑ࣮ͬͯ͞ݱΕΔɽ
(̃M1 = (̃M2 = (̃M3 = (̃M4 = 4912.9359 [rpm].































ਤ 5.7 (d) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϩʔϧঢ়
ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ






























ਤ 5.8 (d) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Β
ϩʔϧঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁
Ռʢr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜Ͱɼਤ 5.7 ͷ !(t) ͱ "(t) ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (d) Λͱ͓ͯ͠ɼ
ఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϩʔϧ֯ #Λҡ࣋͠ɼͦͷ݁Ռ r2 ฒਐӡಈʹ޲ํ
Λ͍ߦɼͦͷଞͷ࢟੎ (!(t), "(t))΍Ґஔ (r1(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓Ͱϩʔϧ֯ͷฒਐ
ӡಈʢද 4.1ͷϚψʔό (v-1)ɼ͜͜ʹ #͸ݻఆ͞Ε͍ͯΔʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
(e)ΫΞουϩʔλͷਨ௚ඈߦͷߴ౓Λ্͛Δঢ়ଶʢਤ 5.9ɼਤ 5.10ɼද 4.1ͷϚψʔό (i-1)ʣɼ৚݅
"̃ = 0 [rad], #̃ = 0 [rad], !̈ = 0 [rad/s2],ͦͯ͠ c = 3 [m/s2]͸,ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλ଎౓ʹ
Α࣮ͬͯ͞ݱΕΔɽ
(̃M1 = (̃M2 = (̃M3 = (̃M4 = 5442.4121 [rpm].
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ਤ 5.9 (e) ΫΞουϩʔλͷਨ௚ඈߦͷߴ౓Λ্͛Δ
ঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ




























ਤ 5.10 (e) ΫΞουϩʔλͷਨ௚ඈߦͷߴ౓Λ
্͛Δঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ
ʢr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜Ͱɼਤ 5.10ͷ !(t), "(t), #(t)ͷϓϩοτɼਤ 5.10ͷ r1(t)ͱ r2(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯ
ΔɽγϛϡϨʔγϣϯ (e)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼਨ௚ํ޲ͷ r3 ํ
੎࢟ɼͦͷଞͷ͍ߦฒਐӡಈΛʹ޲ (!(t), "(t), #(t))΍Ґஔ (r1(t), r2(t))ʹภࠩ͸ൃੜͤͣɼਨ௚ඈߦͷ
౓Λ্͛Δӡಈʢฒਐӡಈɼදߴ 4.1ͷϚψʔό (i-1)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
( f )ΫΞουϩʔλͷਨ௚ඈߦͷߴ౓ΛԼ͛Δঢ়ଶʢਤ 5.11ɼਤ 5.12ɼද 4.1ͷϚψʔό (i-2)ʣɼ৚
݅ "̃ = 0 [rad], #̃ = 0 [rad], !̈ = 0 [rad/s2],ͦͯ͠ c = &0.1 [m/s2]͸,ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλ
଎౓ʹΑ࣮ͬͯ͞ݱΕΔɽ
(̃M1 = (̃M2 = (̃M3 = (̃M4 = 4738.1449 [rpm].






























ਤ 5.11 ( f ) ΫΞουϩʔλͷਨ௚ඈߦͷߴ౓ΛԼ
͛Δঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ
݁Ռ




























ਤ 5.12 ( f )ΫΞουϩʔλͷਨ௚ඈߦͷߴ౓Λ
Լ͛Δঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ
ʢr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜Ͱɼਤ 5.12ͷ !(t), "(t), #(t)ͷϓϩοτɼਤ 5.12ͷ r1(t)ͱ r2(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯ
ΔɽγϛϡϨʔγϣϯ ( f )Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼਨ௚ํ޲ͷ r3 ํ
੎࢟ɼͦͷଞͷ͍ߦฒਐӡಈΛʹ޲ (!(t), "(t), #(t))΍Ґஔ (r1(t), r2(t))ʹภࠩ͸ൃੜͤͣɼਨ௚ඈߦͷ
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౓ΛԼ͛Δӡಈʢฒਐӡಈɼදߴ 4.1ͷϚψʔό (i-2)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
(g) ϔΩαϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶʢਤ 5.13ɼਤ 5.14ɼද 4.1 ͷϚψʔό (iii-1)ʣɼ৚݅
"̃ = 0 [rad], #̃ = 0 [rad], !̈ = 1 [rad/s2], c = 0 [m/s2]͸,ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλ଎౓ʹΑͬͯ
ΕΔɽ͞ݱ࣮
(̃M1 = 3570.2251 [rpm],
(̃M2 = (̃M3 = 4483.3457 [rpm],
(̃M4 = (̃M5 = 4052.5853 [rpm],
(̃M6 = 4876.2003 [rpm].


































ਤ 5.13 (g) ϔΩαϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ
݁Ռ




























ਤ 5.14 (g) ϔΩαϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռʢr3 =
3 [m]ɿॳظঢ়ଶʣ
͜͜Ͱɼਤ 5.13ͷ "(t), #(t)ͷϓϩοτɼਤ 5.14ͷ r1(t), r2(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽγ
ϛϡϨʔγϣϯ (g)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼ࢟੎ͷมԽ͸Ϥʔͷճ
స͚ͩൃੜ͠ɼͦͷଞͷ࢟੎ ("(t), #(t))΍Ґஔ (r1(t), r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓ͰϤʔ
ͷճసͷӡಈʢද 4.1ͷϚψʔό (iii-1)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
(h)ϔΩαϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়ଶʢਤ 5.15ɼਤ 5.16ɼද 4.1ͷϚψʔό (iv-1)ɼͦͯ͠
" ͸ݻఆ͞Ε͍ͯΔʣɼ৚݅ "̃ = 0.01745 [rad], #̃ = 0 [rad], !̈ = 0 [rad/s2], c = 0 [m/s2]͸,ఆཧ 4͔
ΒٻΊͨҎԼͷϞʔλ଎౓ʹΑ࣮ͬͯ͞ݱΕΔɽ
(̃M1 = (̃M2 = (̃M3 = (̃M4 = (̃M5 = (̃M6 = 4273.7220 [rpm].
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ਤ 5.15 (h) ϔΩαϩʔλͷϗόʔঢ়ଶ͔Βϐο
νঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣ
ϯ݁Ռ




























ਤ 5.16 (h) ϔΩαϩʔλͷϗόʔঢ়ଶ͔Βϐ
ονঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ
ʢr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜Ͱɼਤ 5.15ͷ !(t), #(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (h)Λͱ͓ͯ͠ɼఆ
ཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϐον֯ "Λҡ࣋͠ɼͦͷ݁Ռ r1 ฒਐӡಈΛʹ޲ํ
੎࢟ɼͦͷଞͷ͍ߦ (!(t), #(t))΍Ґஔ (r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓Ͱϐον֯ͷฒਐӡ
ಈʢද 4.1ͷϚψʔό (iv-1)ɼ͜͜ʹ "͸ݻఆ͞Ε͍ͯΔʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
(i) ΦΫτϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶʢਤ 5.17ɼਤ 5.18ɼද 4.1 ͷϚψʔό (iii-2)ʣɼ৚݅
"̃ = 0 [rad], #̃ = 0 [rad], !̈ = &1 [rad/s2], c = 0 [m/s2]͸,ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλ଎౓ʹΑͬ
ΕΔɽ͞ݱ࣮ͯ
(̃M1 = 3489.4736 [rpm],
(̃M2 = (̃M3 = (̃M4 = 5184.9965 [rpm],
(̃M5 = (̃M6 = 4419.3107 [rpm],
(̃M7 = (̃M8 = 5470.8561 [rpm].































ਤ 5.17 (i) ΦΫτϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ
݁Ռ




























ਤ 5.18 (i) ΦΫτϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռʢr3 =
3 [m]ɿॳظঢ়ଶʣ
͜͜Ͱɼਤ 5.17ͷ "(t), #(t)ͷϓϩοτɼਤ 5.18ͷ r1(t), r2(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽγ
ϛϡϨʔγϣϯ (i)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼ࢟੎ͷมԽ͸Ϥʔͷճస
37
͚ͩൃੜ͠ɼͦͷଞͷ࢟੎ ("(t), #(t))΍Ґஔ (r1(t), r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓ͰϤʔͷ
ճసͷӡಈʢද 4.1ͷϚψʔό (iii-2)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
( j)ΦΫτϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়ଶʢਤ 5.19ɼਤ 5.20ɼද 4.1ͷϚψʔό (iv-2)ɼͦͯ͠
" ͸ݻఆ͞Ε͍ͯΔʣɼ৚݅ "̃ = 0.01745 [rad], #̃ = 0 [rad], !̈ = 0 [rad/s2], c = 0 [m/s2]͸,ఆཧ 4͔
ΒٻΊͨҎԼͷϞʔλ଎౓ʹΑ࣮ͬͯ͞ݱΕΔɽ
(̃M1 = (̃M2 = (̃M3 = (̃M4 = (̃M5 = (̃M6 = (̃M7 = (̃M8 = 4896.1635 [rpm].
































ਤ 5.19 ( j) ΦΫτϩʔλͷϗόʔঢ়ଶ͔Βϐο
νঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣ
ϯ݁Ռ




























ਤ 5.20 ( j) ΦΫτϩʔλͷϗόʔঢ়ଶ͔Βϐ
ονঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ
ʢr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜Ͱɼਤ 5.19ͷ !(t), #(t)ͷϓϩοτ͸׬શʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ ( j)Λͱ͓ͯ͠ɼఆ
ཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϐον֯ "Λҡ࣋͠ɼͦͷ݁Ռ r1 ฒਐӡಈΛʹ޲ํ
੎࢟ɼͦͷଞͷ͍ߦ (!(t), #(t))΍Ґஔ (r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓Ͱϐον֯ͷฒਐӡ






ͷಈྗֶͷঢ়ଶํఔࣜ ࣜ] (4.31)], ࣜ] (4.32)]ͷ࣮૷ΛMapleͷγϯϘϦοΫࢉܭɼMATLABͷྻߦ
ɼͦͯ͠ࢉܭ ode45ιϧόʔ [38]ΛؚΉMATLABͷ਺஋ࢉܭΛ༻͍͍ͯߦɼಘ͍ͯΔɽ͜͜Ͱ஫ҙ
͢΂͖͸ɼࣜ (4.32)ͷ਺஋ࢉܭʹ͸ΦΠϥʔ֯ʢ!(t), "(t), #(t)ʣ͕ඞཁͰ͋ΔͨΊɼࣜ (4.31)ͷࢉܭ
݁ՌͷλΠϜεςοϓͱࣜ (4.32)Λղ͘ࡍͷλΠϓεςοϓͷͣΕΛิؒ͢Δิؒؔ਺ [39]Λ༻͍ͯ
ΦΠϥʔ֯ !(t), "(t),ͦͯ͠ #(t)ͷղΛಘ͍ͯΔɽ
(A) ϔΩαϩʔλͷϞʔλ൪߸ 3 ͷ৚݅Լ࣍ͱ͖ͷͨ͠ࢭো͠ఀނ͕ (ਤ 6.1)ɿt[s] $ [0 5],
" = # = 0 [rad], "̈ = #̈ = 0 [rad/s2], kF1 = kF2 = kF4 = kF5 = kF6 = 1.79 ' 10(&7) [N/rpm2], kM1 = kM2 =
kM4 = kM5 = kM6 = 4.38 ' 10(&9) [Nm/rpm2], c (or r̈3) = 0 [m/s2]ͷਤ 5.22ͱਤ ϗόϦϯࣔ͢ʹ5.23
άͷඈߦঢ়ଶ (ද 4.2ͷλΠϓ (I)ͷঢ়ଶͱද 4.1ͷϚψʔό (ii))Λୡ੒͢ΔϞʔλ଎౓੍ޚ৴߸͸ఆ
ཧ 5ʹΑΓ࣍ͷΑ͏ʹٻ·Δɽ
(M1 = (M2 = (M4 = (M5 = 5233.820507 [rpm],
(M6 = 0 [rpm].
ਤ 5.21 ྫ (A)൪߸ 3ͷϞʔλ͕׬શʹނো͠ఀͨ͠ࢭͱ͖ͷϔΩαϩʔλͷඈߦ
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ਤ 5.22 3 ൪໨ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼ௢མΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ֯ͷ
γϛϡϨʔγϣϯ݁Ռʢྫ (A)ʣ
ਤ 5.23 3 ൪໨ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼ௢མΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡϨʔ
γϣϯ݁Ռʢྫ (A)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜ʹɼਤ 5.22ͷ !(t), "(t),ͦͯ͠ #(t)͸׬શʹॏͳ͍ͬͯΔɽਤ 5.23ͷ r1(t)ͱ r2(t)΋·ͨɼ׬શ
ʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (A)Λͱ͓ͯ͠ɼϔΩαϩʔλͷϞʔλ ͱ͖ɼͨ͠ࢭো͠ఀނ3͕
ఆཧʹΑͬͯٻΊͨ࢒ଘϞʔλ੍ޚೖྗ৴߸ͰɼϞʔλ 3ͱର֯ઢ্ʹ͋ΔϞʔλ 6Λఀ͠ࢭɼ࢟੎
(!(t), "(t), #(t)) ΍Ґஔ (r1(t), r2(t), r3(t)) ʹภࠩ͸ൃੜͤͣɼϗόϦϯάͷঢ়ଶ (ද 4.2 ͷλΠϓ (I) ͷ
ঢ়ଶͱද 4.1ͷϚψʔό (ii))͕ҡ࣋Ͱ͖Δ͜ͱ͕͔֬ΊΒΕͨɽ





5 & b5, (5.3)


















b5 = (!̈, "̈, #̈, c + g, b!1)T $ R5, (5.6)
͜͜ʹ i1 = 3ͦͯ͠ n = 1. span{!Q1, !Q2}͸ ͷ࣮ϕΫτϧۭؒݩ࣍2 R2 ͷجఈϕΫτϧΛද͢ɽߦ
ྻ Q32'5 $ R2'5 ͸೚ҙͷఆ਺ྻߦ Q2'6 ͔Β 3ྻ໨͕࡟আ͞ΕͨྻߦΛද͢ɽb!1 $ R͸ఆ਺Λද͢ɽ
ྻߦ S3*5 ͸ྻߦ S*6 ͷ 3ྻ໨͕࡟আ͞ΕͨྻߦΛද͢ɼ(* = rot, tra)ɽ
(B)ΦΫτϩʔλͷϞʔλ൪߸ 2ɼ5ɼ8͕ނো͠ఀͨ͠ࢭͱ͖ͷ࣍ͷ৚݅Լʢਤ 5.24ʣɿt[s] $ [0 5],
" = 0.0872665 [rad], # = 0 [rad], "̈ = #̈ = 0 [rad/s2], kF1 = kF3 = kF4 = kF6 = kF7 = 1.79 '
10(&7) [N/rpm2], kM1 = kM3 = kM4 = kM6 = kM7 = 4.38' 10(&9) [N/rpm2], c (or r̈3) = 0 [m/s2]ͷਤ 5.25
ͱਤ ঢ়ଶʢදߦ౓Ͱϐον֯ͷฒਐӡಈΛ͢ΔඈߴҰఆͷࣔ͢ʹ5.26 4.2ͷλΠϓ (I)ͷঢ়ଶɼද 4.1
ͷϚψʔό (iv-1)ɼͦͯ͠ " ͸ݻఆ͞Ε͍ͯΔ)Λୡ੒͢ΔϞʔλ଎౓੍ޚ৴߸͸ఆཧ 5ʹΑͬͯ࣍
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ͷΑ͏ʹٻ·Δɽ
(M1 = (M6 = 8249.4166 [rpm],
(M3 = (M4 = 5309.2771 [rpm],
(M7 = 0 [rpm].






Ϩʔγϣϯ݁Ռʢྫ (B)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜ʹɼਤ 5.25ͷ !(t)ͱ #(t)͸׬શʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (B)Λͱ͓ͯ͠ɼΦΫτϩʔ
λͷϞʔλ 2ɼ5ɼ8͕ނো͠ఀͨ͠ࢭͱ͖ɼఆཧʹΑͬͯٻΊͨ࢒ଘϞʔλ੍ޚೖྗ৴߸ͰɼϞʔλ
3ͱର֯ઢ্ʹ͋ΔϞʔλ 7Λఀ͠ࢭɼҰఆͷϐον֯ "Λҡ࣋͠ɼͦͷ݁Ռ r1 ߦฒਐӡಈΛʹ޲ํ
͍ɼͦͷଞͷ࢟੎ (!(t), #(t))΍Ґஔ (r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼҰఆͷߴ౓Ͱϐον֯ͷฒਐӡಈ
ʢද 4.2ͷλΠϓ (I)ͷঢ়ଶɼද 4.1ͷϚψʔό (iv-1)ɼͦͯ͠ "͸ݻఆ͞Ε͍ͯΔ)͕͍ͯ͑ߦΔ͜ͱ
͕͔֬ΊΒΕͨɽ
͜ͷ৔߹ɼఆཧ 5ͷؔ਺ F(x, ui1,i2,...,in2p&n )͸ҎԼͷΑ͏ʹ༩͑ΒΕΔɽ




5 & b5, (5.7)



















b5 = (!̈, "̈, #̈, c + g, b!1)T $ R5, (5.10)
͜͜ʹ i1 = 2, i2 = 5, i3 = 8, ͦͯ͠ n = 3. span{!Q1, !Q2, !Q3, !Q4}͸ ϕΫτϧۭ࣮ؒܥͷӈखݩ࣍4
R4 ͷجఈϕΫτϧΛද͢ɽྻߦ Q2,5,84'5 $ R4'5 ͸೚ҙͷఆ਺ྻߦ Q4'8 ͷ 2ɼ5ɼ8 ྻ໨͕࡟আ͞Εͨ
Λද͢ɽb!1ྻߦ $ R ͸ఆ਺Λද͢ɽྻߦ S2,5,8*5 ͸ྻߦ S*8 ͷ 2ɼ5ɼ8 ྻ໨͕࡟আ͞ΕͨྻߦΛද͢
(* = rot, tra)ɽ
(C) ΫΞουϩʔλͷϞʔλ൪߸ 2 ͱ͖ͷ৚݅ͨ͠ࢭো͠ఀނ͕ t[s] $ [0 5], " = # = 0 [rad], "̈ =
#̈ = 0 [rad/s2], kF1 = kF3 = kF4 = 1.79 ' 10(&7) [N/rpm2], kM1 = kM3 = kM4 = 4.38 ' 10(&9) [Nm/rpm2],
c (or r̈3) = 0 [m/s2] ͷͱ͖ʹɼਤ 5.28 ͱਤ 5.29 ͷ௢མΛආ͚Δඈߦঢ়ଶ (ਤ 5.27ɼද 4.2 ͷλΠϓ
(II)ͷঢ়ଶɼද 4.1ͷϚψʔό (i-1), (i-2)ɼr3 ͸ݻఆ͞Ε͍ͯΔɼͦͯ͠ !̈ = &12.3371 [rad/s2]͸݁Ռ
Ͱ͋Δ)Λୡ੒͢ΔϞʔλ଎౓੍ޚ৴߸͸ఆཧ 6ʹΑͬͯ࣍ͷΑ͏ʹಘΒΕΔɽ
(M1 = (M3 = 6735.1766 [rpm], (M4 = 0 [rpm].
ਤ 5.27 ྫ (C)൪߸ 2ͷϞʔλ͕׬શʹނো͠ఀͨ͠ࢭͱ͖ͷ௢མΛආ͚ΔΫΞουϩʔλͷඈߦ
ਤ 5.28 2 ൪໨ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼ௢མΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ֯ͷ
γϛϡϨʔγϣϯ݁Ռʢྫ (C)ʣ
ਤ 5.29 2 ൪໨ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼ௢མΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡϨʔ
γϣϯ݁Ռʢྫ (C)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ
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͜͜ʹɼਤ 5.28ͷม਺ "(t)ͱ #(t)͸׬શʹॏͳ͍ͬͯΔɽਤ 5.29ͷม਺ r1(t)ͱ r2(t)΋·ͨɼ׬શ
ʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (C)Λͱ͓ͯ͠ɼΫΞουϩʔλͷϞʔλ ͱͨ͠ࢭো͠ఀނ2͕
͖ɼఆཧʹΑͬͯٻΊͨ࢒ଘϞʔλ੍ޚೖྗ৴߸ͰɼϞʔλ 2ͱର֯ઢ্ʹ͋ΔϞʔλ 4Λఀ͠ࢭɼ
ϤʔΛࣗ༝ʹճసͤ͞Δ͜ͱͰ (ਤ 5.27ɼද 4.2ͷλΠϓ (II)ͷঢ়ଶɼද 4.1ͷϚψʔό (i-1), (i-2)ɼ
r3 ͸ݻఆ͞Ε͍ͯΔɼͦͯ͠ !̈ = &12.3371 [rad/s2]͸݁ՌͰ͋Δ)ɼͦͷଞͷ࢟੎ ("(t), #(t))΍Ґஔ
(r1(t), r2(t), r3(t))ʹภࠩ͸ൃੜͤͣɼඈ͠ߦଓ͚ɼ௢མΛճආͰ͖Δ͜ͱ͕͔֬ΊΒΕͨɽ





3 & b3, (5.11)
















b3 = ("̈, #̈, c + g)T $ R3. (5.13)
͜͜ʹ i1 = 2ͦͯ͠ n = 1. ྻߦ S2*3 ͸ྻߦ S*4 ͷ 2ྻ໨͕࡟আ͞ΕͨྻߦΛද͢ (* = rot, tra).
(D)ΫΞουϩʔλͷϞʔλ൪߸ 1ͱ ͱ͖ͷ৚݅ͨ͠ࢭো͠ఀނ3͕ t[s] $ [0 0.1], " = # = 0 [rad],
"̈ = 0 [rad/s2], #̈ = 17.4533 [rad/s2], kF2 = kF4 = 1.79 ' 10(&7) [N/rpm2], kM2 = kM4 = 4.38 '
10(&9) [Nm/rpm2], c (or r̈3) = 0 [m/s2]ͷͱ͖ʹɼਤ 5.31ͱਤ 5.32ͷ௢མΛආ͚Δඈߦঢ়ଶ (ਤ 5.30)ɼ
ද 4.2ͷλΠϓ (II)ͷঢ়ଶɼද 4.1ͷϚψʔό (v-1)ɼͦͯ͠ !̈ = 12.3371 [rad/s2]͸݁ՌͰ͋Δ)Λୡ
੒͢ΔϞʔλ଎౓੍ޚ৴߸͸ఆཧ 6ʹΑͬͯ࣍ͷΑ͏ʹಘΒΕΔɽ
(M2 = 6535.6936 [rpm], (M4 = 6928.9189 [rpm].
ਤ 5.30 ྫ (D)൪߸ 1ͱ 3ͷϞʔλ͕׬શʹނো͠ఀͨ͠ࢭͱ͖ͷ௢མΛආ͚ΔΫΞουϩʔλͷඈߦ
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ਤ 5.31 1ɼ3 ൪໨ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ
͖ͷɼ௢མΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ֯
ͷγϛϡϨʔγϣϯ݁Ռʢྫ (D)ʣ
ਤ 5.32 1ɼ3 ൪໨ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ
͖ͷɼ௢མΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡ
Ϩʔγϣϯ݁Ռʢྫ (D)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ
͜͜ʹɼਤ 5.32ͷ r1(t)ͱ r2(t)͸׬શʹॏͳ͍ͬͯΔɽ·ͨɼฒਐͷՃ଎౓͕؍ଌͰ͖ͳ͍ཧ༝͸ɼ
γϛϡϨʔγϣϯ͕ؒ࣌ͱͯ΋୹͍͔ΒͰ͋Δʢt[s] $ [0 0.1]ʣɽγϛϡϨʔγϣϯ (D) Λͱ͓ͯ͠ɼ
ΫΞουϩʔλͷϞʔλ 1ɼ3 ߸ೖྗ৴ޚଘϞʔλ੍࢒Ίͨٻͱ͖ɼఆཧʹΑͬͯͨ͠ࢭো͠ఀނ͕
ͰɼϤʔΛࣗ༝ʹճసͤ͞ɼߴ౓Λҡ࣋͠ͳ͕ΒɼϩʔϧͷճసΛ͜͏ߦͱ (ද 4.2ͷλΠϓ (II)ͷঢ়
ଶɼද 4.1 ͷϚψʔό (v-1)ɼͦͯ͠ !̈ = 12.3371 [rad/s2] ͸݁ՌͰ͋Δ) ͕Ͱ͖Δ͜ͱ͕͔֬ΊΒΕ
ͨɽ͜Ε͸ɼϤʔͷ੍͕ޚͰ͖ͳ͍৔߹Ͱ΋ɼҐஔͷ੍ޚ͸͋Δఔ౓ՄೳͰ͋Δ͜ͱΛҙຯ͢Δɽ
͜ͷ৔߹ɼఆཧ 6ͷؔ਺ F(x, ui1,i2,...,in2p&n )͸ҎԼͷΑ͏ʹ༩͑ΒΕΔɽ




2 & b2, (5.14)












b2 = (#̈, c + g)T $ R2. (5.16)
͜͜ʹ i1 = 1, i2 = 3, ͦͯ͠ n = 2. ྻߦ S1,3*2 ͸ྻߦ S*4 ͷ 1ɼ3 ྻ໨͕࡟আ͞ΕͨྻߦΛද͢
(* = rot, tra).
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(E) ΦΫτϩʔλͷϞʔλ൪߸ 1ɼ3ɼ4ɼ6ɼͱ 8 ͱ͖ͷ৚݅ͨ͠ࢭো͠ఀނ͕ t[s] $ [0 5], " =
# = 0 [rad], "̈ = #̈ = 0 [rad/s2], kF2 = kF5 = kF7 = 1.79 ' 10(&7) [N/rpm2], kM2 = kM5 = kM7 =
4.38 ' 10(&9) [Nm/rpm2], c (or r̈3) = &0.1 [m/s2]ͷͱ͖ʹɼਤ 5.34ͱਤ 5.35ͷ௢མΛආ͚Δඈߦঢ়ଶ
(ਤ Fig. 5.33ɼද 4.2ͷλΠϓ (II)ͷঢ়ଶɼද 4.1ͷϚψʔό (i-2)ɼͦͯ͠ !̈ = &2.2140 [rad/s2]͸݁
ՌͰ͋Δ)Λୡ੒͢ΔϞʔλ଎౓੍ޚ৴߸͸ఆཧ 6ʹΑͬͯҎԼͷΑ͏ʹಘΒΕΔɽ
(M2 = 8866.5435 [rpm], (M5 = (M7 = 7455.8446 [rpm].







γϛϡϨʔγϣϯ݁Ռʢྫ (E)ɼr3 = 3 [m]ɿॳظ
ঢ়ଶʣ
͜͜ʹɼਤ 5.34ͷঢ়ଶม਺ "(t)ͱ #(t)͸׬શʹॏͳ͍ͬͯΔɽਤ 5.35ͷঢ়ଶม਺ r1(t)ͱ r2(t)͸·
ͨɼ׬શʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (E)Λͱ͓ͯ͠ɼΦΫτϩʔλͷϞʔλ 1ɼ3ɼ4ɼ6ɼ8
༝ʹճసͤ͞ͳࣗೖྗ৴߸ͰɼϤʔΛޚଘϞʔλ੍࢒Ίͨٻͱ͖ɼఆཧʹΑͬͯͨ͠ࢭো͠ఀނ͕
͕Βɼਨ௚ඈߦͷߴ౓ΛԼ͛Δӡಈʢද 4.2 ͷλΠϓ (II) ͷঢ়ଶɼද 4.1 ͷϚψʔό (i-2)ɼͦͯ͠
!̈ = &2.2140 [rad/s2]͸݁ՌͰ͋Δ)Λ͍ߦɼͦͷଞͷ࢟੎ ("(t), #(t))΍Ґஔ (r1(t), r2(t))ʹภࠩ͸ൃੜ
ͤͣɼ௢མΛճආͰ͖Δ͜ͱ͕͔֬ΊΒΕͨɽ
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͜ͷ৔߹ɼఆཧ 6ͷؔ਺ F(x, ui1,i2,...,in2p&n )͸۩ମతʹҎԼͷΑ͏ʹ༩͑ΒΕΔɽ




3 & b3, (5.17)

















b3 = ("̈, #̈, c + g)T $ R3. (5.19)
͜͜ʹ i1 = 1, i2 = 3, i3 = 4, i4 = 6, i5 = 8,ͦͯ͠ n = 5. ྻߦ S1,3,4,6,8*3 ͸Ϟʔλͷྗʹؔ͢Δ܎਺ྻߦ














௢མΛճආ͢Δද 4.2ͷλΠϓ (I)ͷঢ়ଶͷͱ͖ (1 % i1 < · · · < in % 6, 1 % n % 2, n $ N)ɼϔΩα
ϩʔλ (p = 3)ͷঢ়ଶํఔࣜ ࣜ] (4.31) ]ΛςΠϥʔల։͠ɼ߲࣍ߴΛແͯ͠ࢹɼҎԼͷɼ௢མΛճආ




&Xrot = Frot6&n(op)&Xrot + Grot6&n(op)&Ui1,...,in6&n , (6.1)
&Xrot = (&x, &ẋ)T,


































͜͜ʹ & = x $ R3,·ͨ͸ $ $ R2, &̇ = ẋ $ R3,·ͨ͸ $̇ $ R2,ͦͯ͠ 03'(6&n) ͸ 3 ' (6 & n)θϩྻߦ
Ͱ͋Δ. Yx ͱ Yẋ ͸ͦΕͧΕɼY ͷ xʹΑΔภඍ෼ͱ Y ͷ ẋʹΑΔภඍ෼Λද͢ɽ frotx, frotẋ,ͦͯ͠
frotui1 ,...,in6&n
͸ͧΕͧΕɼ frot ͷ xʹΑΔภඍ෼, frot ͷ ẋʹΑΔภඍ෼, ͦͯ͠ frot ͷ ui1,...,in6&n ʹΑΔภඍ
෼Λද͢ɽ
ఆཧ 7 ϔΩαϩʔλͷ௢མΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 % i1 < · · · < in % 6,
1 % n % 2, n $ N)ɼCMrot6&n(op) $ R6'(6'(6&n)) ͸ 6 ' (6 ' (6 & n))Մ੍ྻߦੑޚΛද͠ɼࣜ (6.7)Ͱఆٛ
͞ΕΔ΋ͷͱ͢Δɽ
CMrot6&n(op) = [Grot6&n(op), Frot6&n(op)Grot6&n(op),
F 2rot6&n(op)Grot6&n(op), . . . ,
F 5rot6&n(op)Grot6&n(op)], (6.7)
΋͠ CMrot6&n(op) ͕ϑϧϥϯΫ 6 Ͱ͋ΔͳΒ͹ɼఆ਺ྻߦͷର (Frot6&n(op),Grot6&n(op)) ͸׬શՄ੍ޚ
Ͱ͋Δͱ͍͍ɼࣜ (6.8) ͷղ͕͢΂ͯݪ఺ϕΫτϧ 06 = (0, 0, . . . , 0)T $ R6 ʹ͍͍ۙͮͯ͘Α͏ͳ
(6 & n) ' ྻߦͷఆ਺ݩ࣍6 K6&n(op) ͕ଘ͢ࡏΔʢ͢ͳΘͪɼͦͷݪ఺͸઴ۙ҆ఆͰ͋ΔʣɽՃ͑ͯɼ͜
ͷͱ͖ࣜ (6.9)ͷม෼Ճ଎౓ &r̈΋·ͨݪ఺ϕΫτϧ 03 = (0, 0, 0)T $ R3 ʹ͍͍ۙͮͯ͘ɽ
d
dt
















͜͜ʹ &Xrot = (&x, &ẋ)T,ͦͯ͠ &ṙ = ṙ & ṙop Ͱ͋Δ.
ূ໌ 7 ϔΩαϩʔλͷ௢མΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 % i1 < · · · < in % 6,





ఆ਺ྻߦͷର (Frot6&n(op),Grot6&n(op))͕׬શՄ੍ޚͷͱ͖ɼࣜ (6.8)ͷ͢΂ͯͷղ͸ݪ఺ϕΫτϧ 06 ʹ
͍͍ۙͮͯ͘ɽ
͞Βʹɼ͜ͷͱ͖ࣜ (6.9)ʹ͓͍ͯɼ&Xrot # 06, (ͦͯ͠ &x# 03)ͱͳΔͷͰɼ݁Ռɼ&r̈# 03 ͱͳ
Δɽ͕ͨͬͯ͠ɼఆཧ 7͸ূ໌͞Εͨɽ
ఆཧ 8 ϔΩαϩʔλͷ௢མΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 % i1 < · · · < in % 6,
1 % n % 2, n $ N)ɼ(i)΋͠ɼࣜ (6.7) CMrot6&n(op) ͕ϑϧϥϯΫ 6Ͱ͋Ε͹,Ϟʔλ੍ޚೖྗ৴߸ &ui1,...,in6&n
= M&Ui1,...,in6&n = &K6&n(op)(x& x(op), ẋ& ẋ(op))T Λඇઢܗͷಈྗֶͷঢ়ଶํఔࣜ ࣜ] (4.31)]ͱ ࣜ] 4.32]ʹ
Ճ͑Δ͜ͱͰɼҎԼͷดϧʔϓํఔࣜ ࣜ] (6.10)]ͱ ࣜ] (6.12)]͕ಘΒΕΔɽ
(ii) ͞Βʹɼ΋͠ɼϠίϏྻߦ (Frot6&n(op) & Grot6&n(op)K6&n(op)) ͷ͢΂ͯͷݻ༗஋ͷ࣮෦͕ෛͰ͋Ε
͹ɼಈ࡞఺ (xop, ẋop)T ෇ۙʹॳظ஋ (t0, (x0, ẋ0)T) Λࣜͭ࣋ (6.10) ͷղ ('(t, (x0, ẋ0)T), '̇(t, (x0, ẋ0)T))







































ftra('(t, (x0, ẋ0)T), '̇(t, (x0, ẋ0)T))
)
, (6.12)








͜͜ʹ K6&n(op) ͸ఆཧ 7 Ͱఆٛ͞ΕΔఆ਺ྻߦ, (&x, &ẋ)T = (x & x(op), ẋ & ẋ(op))T, (x(t), ẋ(t))T =
('(t, (x0, ẋ0)T), '̇(t, (x0, ẋ0)T))T = (%(t, (x0, ẋ0)T, ui1,...,in6&n(op) + &u
i1,...,in





$ #rot " R6, ॳظ஋ (t0, (x0, ẋ0)T) $ R ' U, ͦͯ͠ ui1,...,in6&n(op) + &u
i1,...,in
6&n $ ", ͦͯ͠ U ͸ ,(x0 & xop, ẋ0 &
ẋop)T, < 1Λຬ଍͢ΔΑ͏ͳಈ࡞఺ (xop, ẋop)T $ #rot " R6 ͷۙ๣Λҙຯ͢Δɽ
ূ໌ 8 ϔΩαϩʔλͷ௢མΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 % i1 < · · · < in % 6,
1 % n % 2, n $ N)ɼ෇࿥ CͷϋʔτϚϯʹάϩϒϚϯͷఆཧΛར༻͢Δɽͦͯ͠ɼK6&n(op) $ R(6&n)'6͸
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೚ҙͷఆ਺ྻߦͰ͋ΓɼϞʔλ੍ޚೖྗ৴߸ &ui1,...,in6&n (x, ẋ) = &K6&n(op)(x&x(op), ẋ& ẋ(op))TΛඇઢܗͷಈ
ྗֶͷঢ়ଶํఔࣜ ࣜ] (4.31)]ͱ ࣜ] 4.32]ʹ୅ೖ͢Δ͜ͱͰɼดϧʔϓํఔࣜ ࣜ] (6.10)]ͱ ࣜ] (6.12)]
͕ಘΒΕΔɽࣜ (6.7) CMrot6&n(op) ͕ϑϧϥϯΫ 6ͳΒ͹ɼࣜ (6.10) Frot6&n(op) & Grot6&n(op)K6&n(op) ͷ͢
΂ͯͷݻ༗஋ͷ࣮෦͕ෛʹͳΔΑ͏ͳఆ਺ྻߦ K6&n(op) ͕ఆཧ 7 ΑΓଘ͢ࡏΔɽ͞ΒʹϠίϏྻߦ
(Frot6&n(op) &Grot6&n(op)K6&n(op))ͷ͢΂ͯͷݻ༗஋ͷ࣮෦͕ෛͰ͋Γɼ͜Ε͸ɼಈ࡞఺ (xop, ẋop)T ෇ۙͷ
ॳظ஋ (t0, (x0, ẋ0)T) Λࣜͭ࣋ (6.10) ͷղ ('(t, (x0, ẋ0)T), '̇(t, (x0, ẋ0)T)) ͸ઢܗԽ͞ΕͨϑϩʔϚοϓ
(D'(t, (xop, ẋop)T),D'̇(t, (xop, ẋop)T)) (x0 & x(op), ẋ0 & ẋ(op))T ͱτϙϩδʔతʹ౳ՁͱͳΔ͜ͱ͕ϋʔτ
ϚϯʹάϩϒϚϯͷఆཧʹΑΓূ໌͞Ε͍ͯΔɽͭ·ΓɼઢܗԽ͞ΕͨϑϩʔϚοϓ͸઴ۙ҆ఆͰ͋
ΔͨΊɼಈ࡞఺ (xop, ẋop)T ෇ۙͷॳظ஋ (t0, (x0, ẋ0)T) $ R ' U Λͭ࣋ղ ('(t, (x0, ẋ0)T), '̇(t, (x0, ẋ0)T))




ҎԼʹ͓͍ͯɼ׬શͳϞʔλނোͷଘࡏԼͰɼද 4.1ͷϚψʔό (ii)ͷϗόʔ੍͕ޚՄೳͳද 4.2ͷ
λΠϓ (I)ͷঢ়ଶͷྫͱͯ͠ɼϔΩαϩʔλͷ൪߸ 1ͷϞʔλ͕׬શʹނোͨ͠ͱ͍͏Ϟʔλނোͷ
έʔεΛ૝ఆ͢Δ (ਤ 6.1)ɽϔΩαϩʔλͷύϥϝʔλͳͲʹ͍ͭͯ͸ɼ5ষͷ΋ͷΛ࠶ͼ༻͍Δɽ
ඈߦঢ়ଶʢॳظ஋ʣ: !(op) = "(op) = #(op) = 0 [rad], !̇(op) = "̇(op) = #̇(op) = 0 [rad/s2], r1(op) = r2(op) =
0[m], r3(op) = 3[m], ṙ1(op) = ṙ2(op) = ṙ3(op) = 0[m/s], c (or r̈3) = 0 [m/s2],Ϟʔλ੍ޚ৴߸ʢϞʔλճస
଎౓ʣ: (M2(op) = (M3(op) = (M5(op) = (M6(op) = 5233.8205 [rpm], (M4(op) = 0 [rpm].
ਤ 6.1 1൪ͷϞʔλ͕ނোͨ͠৔߹ͷϔΩαϩʔλͷඈߦʢද 4.2ͷλΠϓ (I)ͷঢ়ଶͷྫʣ
ఆཧ 5Λྫ (a)ʹద༻͢Δɽ
(a)ϔΩαϩʔλͷϞʔλ൪߸ ͷ৚݅Լ࣍ͱ͖ͷͨ͠ࢭো͠ఀނ1͕ (ਤ 6.1)ɿt[s] $ [0 1], " = # =
0 [rad], "̈ = #̈ = 0 [rad/s2], kF2 = kF3 = kF4 = kF5 = kF6 = 1.79 ' 10(&7) [N/rpm2], kM2 = kM3 = kM4 =
kM5 = kM6 = 4.38 ' 10(&9) [Nm/rpm2], c (or r̈3) = 0 [m/s2] ͷϗόϦϯάͷඈߦঢ়ଶ (ද 4.2 ͷλΠϓ
(I)ͷঢ়ଶͱද 4.1ͷλΠϓ (ii)ͷϚψʔό)Λਤ 6.2ͱਤ ɽࣔ͢ʹ6.3
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ϯ݁Ռʢྫ (a)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ
ਤ 6.2ͱਤ ঢ়ଶߦϗόϦϯάͷඈࣔ͢ʹ6.3 (ද 4.2ͷλΠϓ (I)ͷঢ়ଶͱද 4.1ͷλΠϓ (ii)ͷϚ
ψʔό)Λୡ੒͢ΔϞʔλ଎౓੍ޚ৴߸ϕΫτϧ͸ఆཧ 5ʹΑΓ࣍ͷΑ͏ʹٻ·Δɽ




5 & b5, (6.14)


















b5 = (!̈, "̈, #̈, c + g, b!1)T $ R5, (6.17)
͜͜ʹ i1 = 1, k = 1, Qi12'5 $ R2'5,ͦͯ͠ b!1 $ RͰ͋Δ. span{!Q1, !Q2}͸ ϕΫτϧ࣮ܥͷӈखݩ࣍2
ۭؒ R2 ͷجఈϕΫτϧΛද͢ɽྻߦ Qi12'5 ͸ྻߦ Q2'6 ͷ 1ྻ໨͕࡟আ͞ΕͨྻߦΛද͢ɽྻߦ S
i1
*5
͸ྻߦ S*6 ͷ 1ྻ໨͕࡟আ͞ΕͨྻߦΛද͢ (* = rot, tra)ɽ
(a)ͷྫͰ͸ɼϑΟʔυόοΫ੍ޚΛߦΘͳͯ͘΋ɼϓϩϖϥϞʔλ͕׬શʹނোͨ͠৔߹ʹɼఆཧ
5͕ϔΩαϩʔλͷ࢒ΓͷϞʔλΛ࢖༻ͯ͠௢མΛճආ͢ΔͨΊͷϔΩαϩʔλͷඈߦঢ়ଶ (ද 4.2ͷ
λΠϓ (I)ͷঢ়ଶͱද 4.1ͷλΠϓ (ii)ͷϚψʔό)Λୡ੒͢Δ͜ͱΛূݕͰ͖ͨɽ
ఆཧ 7Λྫ (b)ʹద༻͢Δ.
(b)ਤ 6.1ͷ৔߹ͷ৚݅ԼͰɼఆཧ 7ͷԠ༻ΛҎԼʹࣔ͢ɽϔΩαϩʔλͷ൪߸ 1ͷϞʔλ͕׬શʹ
ྻߦোͨ͠ͱ͖ɼఆ਺ނ K5(op) $ R5'6 ΛҎԼͷΑ͏ʹબ୒͢Δɽ
K5(op) $ R5'6 = 1011·
!
"""""""""""""""""#
0.8273 &0.0336 &0.0591 0.0083 &0.0003 &0.0006
&0.8273 0.0336 &0.0591 &0.0083 0.0003 &0.0006
1.6546 0.1346 0 0.0165 0.0013 0
&0.8273 0.0336 0.0591 &0.0083 0.0003 0.0006




͜ͷͱ͖ɼࣜ (6.8) Frot5(op) &Grot5(op)K5(op) ͷݻ༗஋͸ͦΕͧΕ &300, &300, &300, &150, &150,ͦͯ͠
&150ͱͳΔɽ͕ͨͬͯ͠ɼࣜ (6.8)ͷดϧʔϓγεςϜ͸઴ۙ҆ఆͰ͋Δɽ
γϛϡϨʔγϣϯͷॳظ஋ΛҎԼͷΑ͏ʹઃఆ͢Δ (t [s] $ [0 0.1]):
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• &!(0) = 0.00174533 [rad], &"(0) = 0 [rad], &#(0) = 0 [rad], &!̇(0) = 0 [rad/s], &"̇(0) = 0 [rad/s],
ͦͯ͠ &#̇(0) = 0 [rad/s].
• "op = 0, [rad], #op = 0, [rad], !̇op = 0 [rad/s], "̇op = 0 [rad/s], #̇op = 0 [rad/s], (M2(op) =
(M3(op) = (M5(op) = (M6(op) = 5233.8205 [rpm],ͦͯ͠ (M4(op) = 0 [rpm].
ࣜ (6.8) ͷดϧʔϓγεςϜͷయܕతͳৼΔ෣͍Λਤ 6.4 ͱਤ 6.5 ʹɼࣜ (6.9) ͷม෼Ճ଎౓ &r̈ ͷ
యܕతͳৼΔ෣͍Λਤ 6.6ͱਤ 6.7ʹɼঢ়ଶม਺ϑΟʔυόοΫ੍ޚͷ࢒ଘϞʔλ଎౓੍ޚ৴߸Λਤ
6.8 ʹͦΕͧΕࣔ͢ɽਤ 6.4 ͷ &"(t) ͱ &#(t) ͸׬શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ 6.5 ͷ d/dt &"(t) ͱ
d/dt &#(t)΋·ͨɼ׬શʹॏͳ͍ͬͯΔɽਤ 6.6ͷ &r1(t)ͱ &r2(t)͸׬શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ
6.7ͷ d/dt &r1(t)ͱ d/dt &r2(t)΋·ͨɼ׬શʹॏͳ͍ͬͯΔɽਤ 6.8ͷ &u2(t)ͱ &u6(t), &u3(t)ͱ &u5(t)
΋·ͨɼ׬શʹॏͳ͍ͬͯΔɽ





































































































































































































































ਤ 6.8 ൪߸ 1ͷϞʔλ͕׬શʹނোͨ͠৔߹ͷɼঢ়ଶม਺ϑΟʔυόοΫΛͭ࣋ઢܗԽ͞Εͨঢ়ଶํఔࣜʹ
ΑΔɼ௢མΛճආ͢ΔͨΊͷඈߦঢ়ଶΛ҆ఆԽ͢Δ࢒ଘϞʔλ੍ޚ৴߸ͷγϛϡϨʔγϣϯ݁Ռ (ྫ (b))
(b)ͷྫͰ͸ɼϓϩϖϥϞʔλ͕׬શʹނোͨ͠৔߹ʹɼఆཧ 7͕ϔΩαϩʔλͷ࢒ΓͷϞʔλΛ࢖
༻ͯ͠௢མΛճආ͢ΔͨΊͷϔΩαϩʔλͷඈߦঢ়ଶ (ද 4.2ͷλΠϓ (I)ͷঢ়ଶ)Λ҆ఆԽ͢Δ͜ͱ
ΛূݕͰ͖ͨɽ
ఆཧ 8Λྫ (c)ʹద༻ɼͦͯࣜ͠ (6.18)ͷఆ਺ྻߦ K5(op) Λ༻͍Δɽ
(c)ਤ 6.1ͷ৔߹ͷ৚݅ԼͰɼγϛϡϨʔγϣϯͷॳظ஋ΛҎԼͷΑ͏ʹઃఆ͢Δ (t [s] $ [0 0.1]):
• &!(0) = 0.00174533 [rad], &"(0) = 0 [rad], &#(0) = 0 [rad], &!̇(0) = 0 [rad/s], &"̇(0) = 0 [rad/s],
ͦͯ͠ &#̇(0) = 0 [rad/s].
• "op = 0, [rad], #op = 0, [rad], !̇op = 0 [rad/s], "̇op = 0 [rad/s], #̇op = 0 [rad/s], (M2(op) =
(M3(op) = (M5(op) = (M6(op) = 5233.8205 [rpm],ͦͯ͠ (M4(op) = 0 [rpm].
ঢ়ଶม਺ϑΟʔυόοΫΛͭ࣋ඇઢܗͷΦΠϥʔ֯ͷঢ়ଶํఔࣜ ࣜ] (6.10)] ͷయܕతͳৼΔ෣͍
Λɼਤ 6.9ͱਤ 6.10ʹɼঢ়ଶม਺ϑΟʔυόοΫΛͭ࣋ඇઢܗͷฒਐͷঢ়ଶํఔࣜ ࣜ] (6.12)]ͷయܕ
తͳৼΔ෣͍Λɼਤ 6.11ͱਤ 6.12ʹɼඇઢܗͷঢ়ଶํఔࣜΛ༻͍ͨঢ়ଶม਺ϑΟʔυόοΫʹΑΔɼ
௢མΛճආ͢ΔͨΊͷ҆ఆͨ͠ඈߦΛ࣮͢ݱΔͨΊͷ࢒ଘϞʔλ଎౓੍ޚ৴߸Λਤ 6.13ʹͦΕͧΕࣔ
͢ɽਤ 6.9ͷ &"(t)ͱ &#(t)͸׬શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ 6.10ͷ d/dt &"(t)ͱ d/dt &#(t)΋·ͨɼ
શʹॏͳ͍ͬͯΔɽਤ׬ 6.11ͷ &r1(t)ͱ &r2(t)͸׬શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ 6.12ͷ d/dt &r1(t)
ͱ d/dt &r2(t)΋·ͨɼ׬શʹॏͳ͍ͬͯΔɽਤ 6.13ͷ &u2(t)ͱ &u6(t), &u3(t)ͱ &u5(t)΋·ͨɼ׬શ
ʹॏͳ͍ͬͯΔɽ
(c)ͷྫͰ͸ɼϓϩϖϥϞʔλ͕׬શʹނোͨ͠৔߹ʹɼఆཧ 8͕ϔΩαϩʔλͷ࢒ΓͷϞʔλΛ࢖
༻ͯ͠௢མΛճආ͢ΔͨΊͷϔΩαϩʔλͷඈߦঢ়ଶ (ද 4.2ͷλΠϓ (I)ͷঢ়ଶ)Λ҆ఆԽ͢Δ͜ͱ
ΛূݕͰ͖ͨɽ
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1. Ξʔϊϧυͷ࡞༻ૉ BʢΦΠϥʔ֯ͷ૬͙ͭ 3ͭͷճసͷੵྻߦʣͱͱ΋ʹ 2ͭͷ࠲ඪܥʢ੩ࢭ
ܥඪ࠲ wͱಈ࠲ඪܥ Wʣͷؔ܎Λ໌֬ʹ·ͱΊͨɽͦͯ͠ɼKalmanͷ͏ݴঢ়ଶม਺Ξϓϩʔ











λͷճస଎౓ͷ੍ޚʹΑͬͯୡ੒͞ΕΔ͔Λ༩͑Δఆཧ 4 Λ༩͑ͨɽఆཧ 3 ·ͨ͸ఆཧ 4 Λ
༻͍Δ͜ͱͰɼ௨ৗͷ໛ܕඈػߦͷ੍ྩ໋ޚͷ throttle (·ͨ͸ altitude), rudder (·ͨ͸ yaw),








ͱͯ͠ɼද 4.2ͷλΠϓ (I)ͱ (II)ͷঢ়ଶΛୡ੒͢ΔͨΊͷఆཧ 5ͱఆཧ 6ΛͦΕͧΕ༩͑ͨɽ




ͷ 2λΠϓͷඈߦঢ়ଶͷͨΊͷ࢒ଘϞʔλ଎౓੍ޚͷఆཧ 5ͱఆཧ 6ͷྫ͸ɼ1ͭ·ͨ͸͍͘
͔ͭͷϞʔλ͕׬શʹނো͠ఀͨ͠ࢭͱ͖ͷ௢མΛආ͚Δඈߦঢ়ଶʹ࠷΋దͨ͠Ϛϧνϩʔλ
ͷϞʔλɼϓϩϖϥͷ഑ஔͦͯ͠ Electric Speed Controllerʢ·ͨ͸ΞϯϓʣͷઃఆΛͲͷΑ͏




Λൃͨͨ͠ݟΊɼͦΕΛ༻͍͍ͯΔ ࣜ) ࣜ,(5.1) (5.2)).




1. ఆཧ 5ͱఆཧ 6ͷΨΠυϥΠϯʹैͬͯɼൢࢢͷϚϧνϩʔλΛϕʔεʹզʑͷํ๏ʹԊ͏Α
͏ʹ෦෼తͳվ଄Λͯ͠ࢪɼϓϩϖϥ͕׬શʹނোͨ͠৔߹ͷ௢མΛճආ͢ΔͨΊͷ͍͔ͭ͘
ͷඈݧ࣮ߦΛ௨ͯ͡ɼఆཧͷ༗ޮੑΛ࣮ݧతʹ͢ূݕΔɽ
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ఆཧʢImplicit Function Theorem: theorem 13.1.1 [40]ʣ F(x, y)Λ x̃ $ Rn ͱ ỹ $ Rm ͷۙ๣ͷྖҬͰ
R3 ͷ஋ҬΛͭ࣋ C1 ؔ਺ͱ͓͘ɽ͞Βʹ F(x̃, ỹ) = cΛຬͨ͢ͱ͢Δɽ
͜ͷͱ͖ɼ΋͠ Fy(x̃, ỹ)͕ྻߦٯΛͭ࣋ͳΒ͹ɼશͯͷ x $ U ʹରͯ͠ɼy(x̃) = ỹͱ F(x, y(x)) = c
͕੒ཱ͢ΔΑ͏ͳ C1 ؔ਺ y : U # Rm ͱ x̃ͷۙ๣ U ͕ଘ͢ࡏΔɽ͞Βʹ F(x, z) = cΛຬ଍͢Δ V
ͷதͷ།Ұͷղ z͕ଘ͢ࡏΔΑ͏ͳɼ͢ͳΘͪ z = y(x)Ͱ͋ΔΑ͏ͳ x̃ͷۙ๣ V(V ͸ y(U)ͷ૾Ͱ͋
Δ)͕ଘ͢ࡏΔதͰ y͸།ҰͰ͋Δɽ͞Βʹ
(i) yͷඍ෼,͢ͳΘͪ m ' nྻߦ dy(x)͸ҎԼͷΑ͏ʹӄతඍ෼ԋࢉʹΑͬͯࢉܭͰ͖Δɽ
dy(x) = &[Fy(x, y(x))&1Fx(x, y(x))]. (A.1)
(ii) y(x), x $ U ͸ҎԼͷΑ͏ʹ (x̃, ỹ)ͰͷΞϑΟϯۙࣅʹΑͬͯۙ͞ࣅΕΔɽ
y(x) + ỹ + dy(x̃) · (x & x̃)
= ỹ & [Fy(x̃, ỹ)&1Fx(x̃, ỹ)] · (x & x̃). (A.2)
͜ͷఆཧͷ (i)ΛؚΉશͯͷهड़͸ [40]ͷ theorem 13.1.1ͱશ͘ಉ͡΋ͷͰ͋ΔɽStrichartz͸ (ii)
ͷ෦෼Λ theorem 13.1.1 ʹՃ͍͑ͯͳ͍͕ɼͦͷఆཧͷূ໌ͱͯ͠ (ii) ͷ෦෼Λѻ͍ͬͯΔɽͨ͠
͕ͬͯɼ্هͷఆཧͷূ໌͸ׂѪ͢Δɽ
B ੒తӄؔ਺ఆཧߏ
ఆཧʢߏ੒తӄؔ਺ఆཧʣ F(x, y)Λ x $ U+ " U " Rn ͱ y $ V& " V " Rm ͷۙ๣ͷྖҬͰɼ Rm ͷ
஋ҬΛͭ࣋ C1 ؔ਺ͱ͓͘ɽ͜ͷͱ͖ɼҎԼͷࣜ (B.3)ͷؔ܎Λຬͨ͢ɽ
F(x, y) = c. (B.3)
ͦͯ͠ɼࣜ (B.3) ͷ F(x, y) = c ͸ม਺ y ʹؔ͢ΔϠίϏΞϯྻߦ Fy(x, y) ͷ͕ࣜྻߦ (x, y) = (x̃, ỹ)
Ͱ 0ʹͳΒͳ͍Α͏ͳ F(x, y) = cͷۙࣅղ: ỹ s.t. F(x̃, ỹ) + cΛͭ࣋ͱԾఆ͢Δɽ·ͨɼҎԼͷΑ͏




(i) U+ = {x | ,x & x̃, % +} " U,
(ii) V& = {y | ,y & ỹ, % &} " V,
(iii) ,Fy(x̃, ỹ) & Fy(x̃, y), % ,1/M,
for any y $ V&,
(iv) ,Fy(x̃, y) & Fy(x, y), % ,2/M,





͜͜ʹ r, M,ͦͯ͠ M- (> 0)͸ҎԼͷੑ࣭Λຬ଍͢Δఆ਺Ͱ͋Δɽ
3
(i) ,c & F(x̃, ỹ), % r and ,Fy(x̃, ỹ)&1, % M,
(ii) ,Fx(x, ỹ), % M- for any x $ U+ , (B.5)
͜ͷͱ͖ࣜ (B.3)F(x, y) = c͸ɼ͢΂ͯͷ x $ U+ ʹରͯ͠ɼF(x, y(x)) = cΛຬ଍͢Δ།Ұͷ C1 ؔ
਺ͷղ: y(x) $ V& Λͭ࣋ɽͦͯ͠ɼҎԼͷۙࣅղͷࠩޡධՁ͕੒ཱ͢Δɽ
,y(x) & ỹ, % M(r + M
-+)
1 & (,1 + ,2)
. (B.6)
͞Βʹ
(i) ͢΂ͯͷ x $ U+ ʹରͯ͠ y ͷඍ෼, ͢ͳΘͪɼm ' n ྻߦ dy(x) ͸ҎԼͷΑ͏ʹӄతඍ෼ԋࢉʹ
ΑͬͯࢉܭͰ͖Δɽ
dy(x) = &[Fy(x, y(x))&1Fx(x, y(x))]. (B.7)
(ii) y(x), x $ U+ ͸ҎԼͷΑ͏ʹɼF(x-, y(x-)) = c, x-(! x) $ U+ Λຬ଍͢Δ (x-, y(x-))ͰͷΞϑΟϯۙ
ΕΔɽ͞ࣅΑͬͯۙʹࣅ
y(x) + y(x-) + dy(x-) · (x & x-)





ఆཧ 9ʢఆཧ 3ͷߏ੒తӄؔ਺ఆཧ൛ʣ H(u2p, x)Λ u2p $ U+ " R2p ͱ x $ V& " R3 ͷۙ๣ͷྖҬͰ







(e j,&ge3 + 1m B(x)Stra2pu2p)
(e3,&ge3 + 1m B(x)Stra2pu2p)
$
%%%%%%%%& = 0, (B.9)
Z($) = (B(x)ÎB(x)T · "ẋ(!, "))&1 · B(x), (B.10)
͜͜ʹ x = (!, $)T, $ = (", #)T. 1 % i % 3, 1 % j % 2, i, j $ N. c = (0, r̈ j, c)T $ R3, r̈ j, c $ R͸͋Δఆ਺Λ
ද͢ɽ
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ͦͯ͠ɼࣜ (B.9) ͷ H(u2p, x) = c ͸ม਺ x ʹؔ͢ΔϠίϏΞϯྻߦ Hx(u2p, x) ͷ͕ࣜྻߦ
(u2p, x) = (ũ2p, x̃) Ͱ 0 ʹͳΒͳ͍Α͏ͳ H(u2p, x) = c ͷۙࣅղ: x̃ s.t. H(ũ2p, x̃) + c Λͭ࣋ͱ






u2p | ,u2p & ũ2p, % +
5
" R2p,
(ii) V& = {x | ,x & x̃, % &} " R3,
(iii) ,Hx(ũ2p, x̃) & Hx(ũ2p, x), % ,1/M,
for any x $ V&,
(iv) ,Hx(ũ2p, x) & Hx(u2p, x), % ,2/M,





͜͜ʹ r, M,ͦͯ͠ M- (> 0)͸ҎԼͷੑ࣭Λຬ଍͢Δఆ਺Ͱ͋Δɽ
3
(i) ,c & H(ũ2p, x̃), % r and ,Hx(ũ2p, x̃)&1, % M,
(ii) ,Hu2 p(u2p, x̃), % M- for any u2p $ U+ ,
(B.12)
͜ͷͱ͖ࣜ (B.9)H(u2p, x) = c͸ɼ͢΂ͯͷ u2p $ U+ ʹରͯ͠ɼH(u2p, x(u2p)) = cΛຬ଍͢Δ།Ұͷ
C1 ؔ਺ͷղ: x(u2p) $ V& Λͭ࣋ɽͦͯ͠ɼҎԼͷۙࣅղͷࠩޡධՁ͕੒ཱ͢Δɽ
,x(u2p) & x̃, %
M(r + M-+)
1 & (,1 + ,2)
. (B.13)
͞Βʹ
(i)͢΂ͯͷ u2p $ U+ ʹରͯ͠ xͷඍ෼,͢ͳΘͪɼ3 ' 2pྻߦ dx(u2p)͸ҎԼͷΑ͏ʹӄతඍ෼ԋࢉ
ʹΑͬͯࢉܭͰ͖Δɽ
dx(u2p) = &[Hx(u2p, x(u2p))&1Hu2p (u2p, x(u2p))]. (B.14)
(ii) x(u2p), u2p $ U+ ͸ҎԼͷΑ͏ʹɼH(u-2p, x(u-2p)) = c, u-2p(! u2p) $ U+ Λຬ଍͢Δ (u-2p, x(u-2p))Ͱ
ͷΞϑΟϯۙࣅʹΑͬͯۙ͞ࣅΕΔɽ
x(u2p) + x(u-2p) + dx(u-2p) · (u2p & u-2p)
= x(u-2p) & [Hx(u-2p, x(u-2p))&1Hu2p (u-2p, x(u-2p))] · (u2p & u-2p). (B.15)
(iii) !̈͸ҎԼͷΑ͏ʹܾఆ͞ΕΔɽ





f : U " Rn # Rn Λඍ෼Մೳͳؔ਺ͱ͢Δɽ
dx
dt
= f (x), x(t0) = x0, (C.17)
͜͜ʹ t $ R: ,ؒ࣌ x $ U " Rn: ؒ࣌ t ʹ͓͚ΔγεςϜͷ nݩ࣍ͷঢ়ଶϕΫτϧɼ x0: ॳظঢ়ଶ,ͦ
ͯ͠ n $ N. ॳظ஋໰୊ͷղ: ࣜ (C.17)͸গͳ͘ͱ΋͍͔ͭ͘ͷۙ๣ t = 0, t $ (&c, c), c $ RͰఆٛ͞
ΕΔɽͦΕ͔Βہॴϑϩʔ -t : Rn # Rn ͸ɼ-t (x0) = x(t, x0) ʹΑͬͯఆٛ͞ΕΔɽݻఆ఺ x̄, ͢ͳ
Θͪ f (x̄) = 0,͕͋Γɼࣜ (C.17)Λݻఆ఺ x̄ͰઢܗԽ͢Δ͜ͱʹΑΓɼͭ·ΓɼઢܗԽ͞Εͨϑϩʔ
Ϛοϓ D-t(x̄)( Λ࣍ͷΑ͏ʹௐ΂Δ͜ͱʹΑΓɼx̄෇ۙͷղ -t ͷৼΔ෣͍Λಛ௃෇͚Δɽ
D-t(x̄)( = exp(tD f (x̄))(. (C.18)




= D f (x̄)(, x(t0) = x0, (C.19)





͸ɼؔ਺ f = ( f1(x1, . . . , xn), f2(x1, . . . , xn), . . . , fn(x1, . . . , xn))T, (T͸సஔΛද͢)ͷ
ɼͦͯ͠ྻߦภඍ෼ͷϠίϏ࣍1 x = x̄ + (, |(| % 1.
ࣜ (C.17)ͷ x̄ۙ͘ͷղ -t ͱɼࣜ (C.19)ͷઢܗԽ͞ΕͨϑϩʔϚοϓ D-t(x̄)( ͸ɼҎԼͷϋʔτϚ
ϯʹάϩϒϚϯͷఆཧʹΑͬͯɼτϙϩδʔతʹ౳ՁͱͳΔɽྫ͑͹ɼϋʔτϚϯʹάϩϒϚϯͷఆ
ཧ͸ɼD-t(x̄)( ͕઴ۙ҆ఆͰ͋Δ৔߹ɼx̄෇ۙͷ -t ΋·ͨɼ઴ۙ҆ఆͰ͋Δ͜ͱΛอূ͢Δɽ
ఆཧʢTheorem 1. 3. 1 (Hartman–Grobman) [44], p. 13ʣ ΋͠ɼD f (x̄)ͷݻ༗஋͕ 0·ͨ͸७ڏ਺Ͱ
ͳ͍ͳΒ͹ɼࣜ (C.17)ͷඇઢܗϑϩʔ -t ͱͦΕΒͷࣜ (C.19)ͷઢܗϑϩʔ exp(tD f (x̄))ͷͱΔيಓ
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